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Purpose : The purpose of this study is to identify the design requirements 

and aasoolated cost ln 5 >acts for using the Shuttle for EOS delivery, and the 
additional impact of achieving full compatibility for resupply and retrieval. 

At, this point in the study, the intent is to provide a preliminary assessment 
Of these impacts and identify areas for further aialyses. 

Summary: A preliminary assessment of the design and cost impact of con- 

figuring the EOS for Shuttle compatibility in deliyery, retrieval, and re- 
supply modes has been ccxnpleted for the entire mission model, Table 3-X - 
Assuming that each spacecraft was initially delivered by a conventional launch 
vehicle, the minimum functional requirements, associated design changes, and 
incremental spacecraft weight and cost impacts were estimated for EOS compa- 
tibility with each of the potential Shuttle utilization modes. Analyses 
during this study phase emphasized the impact on the EC^ flight hardware. 

Conclusions and RecoMBendationfli Based on the results of analysis to date, EOS- 


Shuttle con 5 >atibllity can be realized with rhaaor able spacecraft weight and coat 
penalties. Inherent Shuttle capabilities are adequate to meet the requirements 
of all missions except E and F.,- Mission E (Tiros O) may be accommodated by either 
an EOS orbit transfer capability or a Tug. The Tug appears to be the only viable 
approach to satisfying the Mission F (SEOS) requirements. Excluding the Orbit 
Transfer Subsystem (OTS) assumed for Mission E, Shuttle delivery and retrieval 
con?)atibility add only about 40 lb to spacecraft weight while the addition of 
mechanisms to enable on-orbit replacement of spacecraft modules and assemblies 
results in a weight impact of about 200 lb. for resupply. Cost impacts range 
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Shuttle Compatibility 



from a low of $287K non-recurring/$69K-r^t'^^^ for Delivery to 

for Resupply, ^he OTS, peculiar to Mission E, ad<i3 
significantly to the lapact. on spacecraft weight and cost. 

Addition of Shuttle con^jatibility provisions for any mode do not result 
in exceeding the performance capabilities of the launch vehicles assumed for 
initial delivery. 

In-flight verification of EOS-Shuttle coir^atibility, requiring the availability 
of a Shuttle Demonstration Model spacecraft is considered necessary for only the 
Resupply mode. Deployment and retrieval techniques do not differ significantly 
from conventional spacecraft. 

Cost and Weight S ummary iTable 3-g . summarizes the cost and weight impacts of 
confi-rurlng each EOS mission concept for coarpatibility wltli Shuttle delivery, 
retrieval, and resupply modes. Cost and weight in^jacts for Mission E include 
the Orbit Transfer Subsystem (OTS) unique to this mission. Exclusive of the OTS, 
the weight impact is h?, k% and 19? lb for the three Shuttle modes respectively. 
Recurring coats are quoted for a single spacecraft only. The marked Jumpin costs 
for resupply reflect the addition of module replacement mechanisms to the space- 
craft, qualification of the Systems Salification Spacecraft for in-flight veri- 
ficction of resupply techniques, and associated Engineering -type activities. 
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Discussion: 


1 Introduction: 



This study addresses the Impact of developing the EOS to he physically 
compatible with the Shuttle* delivery , retrieval, and resupply modes. The 
full impact of Shuttle utilization is the combination of design, operational, 
and program considerations which is to be addressed in the next study incre- 
ment in the Shuttle Interface/Utilization Study (Book 6). This study, then, 
provides a preliminary indication of one aspect of the broader utilization 
question, that of design compatibility. 

GroundrolesT Guidelines, and Assumptions' : 

The study was conducted in accordance with the following constraints: 

a. All missions , in the mission model (Table 3rl ) are to be consi_dered. 

b. AU missions are delivered initially by the launch vehicle cited in 

Table 3-1. . 

'^c. All missions are continued through the Shuttle operational era making 
each a candidate for Shuttle ccHi 5 )atibility- 

d. Baseline modular subsystems for all EOS concepts 

e. Baseline current Shuttle-based EOS Flight Support System (FSS) definition 

f. Baseline Module 'Exchange Mechanism (MEM) resupply concept 

g. Potential Shuttle utilization modes are limited to: 
o Delivery only 

o: Delivery plus retrieve 
0 Delivery plus retrieve plus resupply 
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h. For mission F only, a Tug, having payload interface characteristics 

identical to the Titan IIIC7/TE 364-4, is assumed. 
i„ The minimum requirements for Shuttle compatibility are defined. 
These constraints will he re-assesaed for follow-on study activities. 


"or this study phase, emphasis was placed on physical i3i5)act on basic 
spacecraft design. Instruments and operations were considered only to the 
extent that they influenced the basic spacecraft. The overlying philosophy 
applied was that each mission spacecraft was designed for initial delivery 
on a conventional launch vehicle and, therefore, Shuttle compatibility provisions 
were i' ad'litio. to, rather than in lieu of, basic design characteristics. 
Potential -Shuttle utilization modes were considered in order of 

increasing complexity (i.e. Deliver, Retrieve, and then Resupply). 

Development of compatibility in 5 >act estimates was a three-step process. 

First, the functional requirement Increments for each mode were identified 

for each of three areas| EOS Spacecraft Design, Instrument and Operations. 

For convenience, the spacecraft was addressed in five groupings of related 

functions? ® Communications and Data Handling 
® Electrical Power 
® Attitude Control 
# Structore/Mechanical/Thermal 
a Propulsion 

- The propulsion group includes Reaction Control, Orbit 
Adjust, and Orbit Transfer functions as required by the 
individual missions. 


PREPARED 8Y 


GROUP NUMBER & NAME 


B. Sidor 


CHANGE 1 

T/lT/7^ LETTER ! 



APPROVED BY 




TRADE STUDY REPORT 


title 


Shuttle Compatihility 


TRADE STUDY REPORT 
NO. 3 

was NUMBER 

l,2.1.k.k _ 


Functional differences hetwjen an EOS spacecraft designed for conventional 
launch vehicle delivery only and one configured for Shuttle compatibility in 

i 

each projected Shuttle utilization mode were identified for each program area. 

These requirements are summarizet^ in Table 3-3. - The requirements are additive, 

unless otherwise noted, since each successive Shuttle utilization mode includes. the 
preceding modes (i.e. Delivery, Delivery plus Retrieval, Delivery plus Retrieval 
plus Resupply). For example, the Propulsion (item 1.5) requirement to provide 
for pressure relief (No. l) applies to all modes. Requirement 2, applicable 
to Mission E only, imposes a transfer capability to mission orbit for Delivery 
and adds transfer back to Shuttle orbit for Delivery and Resupply. Requirement 
3 applies only to Resupply* 

As shown in Fig. 3-1 the Shuttle has a capability of 96 OO lb for the 
366 n.mi altitude and . 98 ° inclination for missions A-C, with close to 20,000 lb 
for f^ission D (32U n^.ml and 90"^). For these missions, Shuttle capability is ade- 
quate to meet EOS demands. Missions E (%5 n.mi., lOS'^ and F (19323 n.mi, 0 ), 
however, both require performance significantly in -excess of Shuttle capabilities. 

1, 

Both missions can be accommodated by projected Tug capabilities and Mission E 
could be satisfied by a moderately sized kick stage integral to the EOS. An 
integral kick stage does not appear practical for Mission F. For comparison 
purposes, the requirements for Mission E include the kick stage while Mission F 
assumes the Tug. Due to the status of Tug definition at this time, the interfaces 
between it and EOS have been assumed to be identical to tho.se of the initial launch 
vehicle, the Titan IIIC7/TE 364-t. - 
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The second step of the process was to identify the design implications of 
each additional functional requirement. Table 3-^ lists the visible design 
changes resulting frat the- requirements . The format of Tables 3-3 . and~U are 

identical to permit direct correlation between requirement and design change. No 

changes have been defined for the Ground Operations requirements since 

\ 

the changes are dependent upon a number of programmatic issues, including 
flight interval and overall program definition, which will have a profound in- 
fluence on resultant impacts. The assumed availability of Tug for Mission F 
results in no unique design implications for that mission. 

The final step in the process was to estimate the weight and cost impact 
of each design change on the EOS program. In Table 3-5* the weight increment, 
and associated non-recurring and recurring, costs for achieving Shuttle compati- 
bility for one EOS Spacecraft are estimated for each projected Shuttle utilization 
mode. Two significant points are evident in the table: 

a. The difference between weight impacts for "Deliver^' and "Retrieve" modes 
is insignificant. 

This is the result of using the baseline FSS concept which utilizes 
the same equipment for either deployment or retrieval. For deployment only 
arrangements which dispense with the FSS cradle and docking/deployment table 
could conceivably reduce spacecraft impact. The major effect of such an approach 
however, would be to reduce the ancillary equipment requirements which necessitate 
the FSS. The significance of this effect is contingent upon whether or not an 
EOS would be developed to support Shuttle-borne spacecraft other than EOS. 
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are visible only 


in the Structural/Mechanical/Thermal area for "Resupply". 


The impact variations result from the different complements of Instruments 
carried on each mission with associated variations in the number of latches, 
rollers, tracks, and wiring disconnects required, Basic spacecraft (i.e., subsystem) 
impacts are constant increments to initial designs. 


The resultant EOE mass properties, combined with corresponding 
FSS and MEM equipment, are compatible with the Shuttle c.g. re- 
strictions. Figure 3-2 shows the range of c.g.'s for Missions A and 
C for the Shuttle utilization modes considered. 


Follow On Effort : • 

As previously stated, the analysis of Shuttle compatibility to date has con 
sidered baseline FSS and MIM concepts. In addition, the analyses were limited 
to consideration of visible physical impact and by the current level of design 
definition, follow-on efforts during the nejct study increment will consist of 
the following' 

a- Refined Weight/cost impacts 


b. Shuttle utilization mode variation effects resulting from on-going 
design life/resupply interval studies. 

c. Alternate resupply concept effects 
-SAMS 

-EVA 

-IVA 

d. Associated impacts on Operations, In:;truments, Shuttle, and FSS. 
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Purpose : 

.a) 


To evaluate the competitive point designs provided for the proposed 
instruments; thematic mapper, high resolution pointing inager, 
synthetic apert’ure radar, and passive multichannel luicrovave radiometer 

■b) To evaluate overall system designs applicable to the, EOS-A instrument 
package . . 

c) To evaluate the utility, reliability, and costs related to each sensor 
■DOint design proposed for EOS-A sensors. 

d) To pro-vLde an evaluation of the available data 

^ recoLendations to increase its utility when used on EOS if applicable. 

e) To provide designs ccmipatible with letter EOS missions with regard to 
the foUow-on instruments and to ideritiiy the operational and cost 
impacts of providing this capability. 


Suramar>^: 

During the course of the study, a broad range of considerations 
were addressed in selecting the most useful, reliable and high. growth 
potential instrument designs and data handling concepts . 


Because of direction received during the study and the continual 
development of the various TM and HRPI point designs during the study, 
effort was concentrated on the further evolution of the TM and HRPI^re- 
iTill To multi-spectral scanner, and their various eon,:’igur- 

ations and utilizations in the EOS-A mission. 


The result of these studies are as follows: 


i 1. 

No single point design is considered optimum in the form. pro- 
posed, by the suppliers. 

1 

The object plane scanner as a class offers significant ^ growth 
potential relative to the EOS baseline without significant 

i 

weight growth. 

. 3- 

Spectral band selection by filtration techniques offers signifi- 
cantly better growth potential than does the spectrometer (dis- 


persion) approach. 

k. 

The reduction in preamplifier noise by cooling down to 200 K 
promises performance improvements for silicon detectors even 
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in Band 1, which makes them highly competitive with photo- 
multiplier tubes, 

5o The lower cost, higher reliability, simpler design, lighter 
weight and higher growth potential of an all solid state de- 
tector array make this the preferred approach even if a slight- 
ly larger telescope aperture is felt necessary to meet minimum 
S/N ratio requirements. 

6, In examining overall system performance, further definition of 
the system instantaneous field of view (SFOV) suggests further 
definition of the optimum sampling ratio may be appropriate. 

A major cost trade is involved. 

7o Both 6 and 7 bit- data encoding was examined, No significant 
cost or performance trade could be discovered. Therefore, the 
choice of 7 bit encoding is concurred with, 

8. There are significant economies in obtaining the TM and HRPI 
from the same supplier due to a possible commonality factor 
as high as 80'^, 

9. An "advanced” TM has been defined which can provide a 330 KM swath 
at 2? meters resolution, provide an output at 80 meters com- 
pletely compatible with and providing a backup to the operational 
MSS , and providing a pseudo-HRPI output covering a selectable 

35 kilometer swath at 30 meters. Both the MSS backup and 
pseudo-HRPI signal would be compatible with the present DOI 
and planned low costs ground stations, (LOGS), 


10. DELETED 


11. As the land resources mission (LRM) matures, the desirability 
of obtaining stereo coverage will increase and a 450 N.M, 
drift in the orbit repeat cycle prior to orbit adjust will 
become a preferred orbit. Furthermore, the use of ground con- 
trol points in isolated or distant areas will become pro- 
hibitively expensive. 

All of the studies associated with the instruments assumed a 
nominal satellite altitude of 680 kilometers. 
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E, 2. 1 External Input Considerations 

ORBITAL MECHANICS IN THE GEOID 

The potential performance of the instruments and data reconstruction 
equipment is highly dependent upon the adequacy with which all Systematic 
errors effecting the data can be determined and factored out. These sources 
of error and also various allowable variations are discussed in this section. 

The basic geometry of these discussions is shown in figures E.2.4-1 to 5 

There are a number of instrument-vehicle errors which distort the 
transmitted imagery relative to the geoid: 

1. Errors in the local vertical of the instrument; roll,^ pitch and 
yaw and their deviations. 

2. Errors in the scan angle of the instrument from the ejipected 
value. 

3. Errors in the vehicles altitude froa the expected ephemeris. 

4. Errors In the vehicle velocity from the nominal. 

On top of these errors are a group of distortions due to the: 

1. rotation of the earth 

2. inclination of the orbit and 

3. precession of the orbit which conplicate the data reduction. 

The general goal of the EOS program is to minimize the uncontrollable 

errors and to remove the controllable errors frcm the data channel as early 
as possible. The goal would be creation of "maps" with an uncontrolled error 
of under 10 meters. The above performance would be done .preferably without 
ground control points. 
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ig. ^-1 EOS Orbit Geometry 
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= Ve <it cos6 

= Vt it Siw6 

Where: Ve = Nomimau Veloci-ty of Earth Surface 
= Re 6J^cos a 

- t, - = Scan Time of Frame 

h~2. Planar EOS Image Geometry 





FLAT 



Fig, E. 4-3 Effect of Earth Radius on Scan Geometry 
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Critical to creation of data to the above accuracy is an accurate knowledge of 
th^ local vertical of the instrument primarily the thematic mapper. The FMS error 
in the location of the nadir point is needed to at least + 30 meters or better, 
one IFOV, from the nominal altitude of 680 kilometers. The important constituents 
of this EMS value are primarily four: 

1. The roll angle of the spacecraft from nonimal. 

2 . The pitch angle of the spacecraft from nominal. 

3. The along track ephemeris error of the spacecraft. 

h. The cross track ephemeris error of the spacecraft. 

Thus the instrument line of sight is needed, in pitch and roll to + 3 arc 
seconds or better. 

Similarly, the position of the satellite along its track , should be kno^ to 
better than + 30 meters at a nadir velocity of approximately 6800 meters per second. 
Therefore, the vehicle clock should be available, for transmission the data, at 
an accuracy of + 5 milliseconds. The corrected ephemeris would also be needed to 
this accuracy in order to determine the in track and lateral position error of the 
vehicle. 

As the thematic mapper scans out to the side the effective ground field of 
view increases. Along the in track direction, the increase as given by the secant 
of the angle In the cross track direction, it is given by the square of the 

secant. 

For a non-flat earth, these distortions are somewhat greater but for scan 
angles of less than + 30 degrees the increases are negligible. 
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The position of the area oil the geoid scaiined diiring a given time interval 

may not he the expected area due t.o a number of distortions. Besides the roll 
1 

and pitch errors discussed earlie;:j the vehicle yaw error becomes prominent in this 
context. The position error for k flat earth is given by sin This 


error increases rapidly with scan' angle 


To maintain this error below + 30 meters 


at 680 KM and 5“ ® ^ w below + 530 raicroradians (+ 2 minutes of arc). 

Figure 3 illustrates in elementary form the gecsnetry of the scanning problem, 
particiaarly for the non-conical scanners. The goal of the program Is to generate 
maps of the earth’s surface which correctly display data with respect to its correct 
position on the geoid, data is presented linearly with respect to position S. From 
a design point of view, the output of the scanners themselves should be linear with 
respect to S if at all possible to minimize the amount of data processing required 
later in the system. 

Clearly ^ , the angle between the scanned point and the nadir, is linearly 
related to the distance S. A similar linear relationship cannot be obtained from a 
location outside of the geoid except by an approximation applicable over a limited 
angle . The desired function for is: 




= arc tan 


Sin S/R 


COS S/R f~ 1 + ^ 68 q/e^ 

L coe“s7R j 


c^~s/r 

which is linear in S for small values of S/R, where the paranthesis is negligible, 
At . S = 0, 


^60 


At S = + 92,5 kilcffiieters. 


A 


R- 

5Ho 


to better than one part in 10 . At S = + I65 kilcmieters, still equals 
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jj{/68^^to at least one part in 10^ also. One part in lO^is one IFOV in 300 
kilometers (+ I50 kilometers). 

I 

Thus a scanner which scans linearly with will provide a final map which 
is linear in S to within one IFOV over the desired scanning swath, 

, To scan linearly in^j^ahd achieve an accuracy of 0,1 IFOV (1:10'^), without 
correction, the scan angle would have to he limited to = 0.27*^ or = + 2.5255 , 

a swath width of only + 30 kilometers. 

Thus correction or conpensation. is likely to he required. 

The TE scanner employs a unique characteristic of a reflective optical' 
system to provide this compensation. By proper choice of nodal points in their 
optical system, a curved focal plane is obtained for a flat object plane. By 
adjusting the radius of their scan wheel to equal the radius of curvature of the 
image, a scan which is linearly related to can be achieved. Following final 
choice of nominal flight altitude, it is possible to adjust the nodal points of 
the optical design to achieve a scan linear in S. VJhether it is possible to 
manufacture the optical system to the desired accuracy, specifying radii of cur- 
vature to about 1:10^ has not been determined but it is questionable. 

The Hughes linear scanner is not intrinsically linear in^^ or S and will 
require considerable additional design analysis by Hughes before any possibility 
of a sufficiently linear output to avoid digital correction on the ground can be 
confirmed. 

An additional problem with the geometry of the linear object plane scanner 


is the likelyhood that both the east to west and west to east scans will be employed. 
Since neither of these scans is intrinsically linear in ^^ or S or to each other 
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without con5)ensation or correction, the breadboard of this design should be 
exjjanded to evaluate and/or demonstrate what level of linearity could be achieved 
in this respect. 

The accurate scanner of Honeywell exhibits a negligible intrinsic error in 
scan' linearity with ground position assuming the residual roll and pitch errors ' 
of the vehicle are acceptable and the yaw error is small. For excessive pointing 
errors, the accurate scanner becomes very difficult to correct. 
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As more detectors ecre used simultaneously to scan a single stripe, the outer 
detectors are further removed from the center detector which scans a great circle 
through nadir. These outer detectors exhibit a scan distortion as shov/n in 
figure 4 . The graph shows the tradeoff between the number of detectors and t];ie 

scan angle for a given position error. 

The actual shape of the area mapped on the geoid with a perfect scanner of 

\ 

negligible scan and. attitude errors can be described in terms of three additional 
errors; orbit inclination skew, earth rotation, skew, and scan time skew. 

The required orbit inclination of a long life span synchronous satellite 
results in a nadir flight path which is skewed with regard to the UTM grid by 

an angle, which varies with lattltude, ranging from 9° at the equator to 90*^ at 

, 

the lattitude equal to the orbit inclination. 

In addition, earth rotation during scan causes two further skews. The first 
causes the rectilinear scan of the overall sensor to become rhomboid when trans- • 
ferred to the geoid. The finite time required for a single detector to scan a 
single line also causes the line to be v;arped on the, geoid by the earth’s rotation. 

Each of these three skews is sufficiently large to require ground processing 
to correct prior to reduction of the data to UTM based maps. 
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Table U-1 summarizes the system mapping errors showing the desired 


and the expected errors on both a pre-and post processing basis. The 


methods of processing to achieve this are examined elsewhere. 


I 
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TABI£ 4-1 Sxmimary of Desired and Expected 
Errors on Preprocessing and Post Processing 


• Position Errors 

Sensor Pointing Error 

- In Track Position Error 

- Lateral Position Error 

- On Board Clock Error 

• Geometry Errors 

• Object Plane/ 

- Scan Angle Distortions 

• Image Plane/ 

- Scan Angle Distortions 

- Bow Tie Distortion 

- Vehicle Yaw Error 

• Geometry Distortions 

• ■ Orbit Inclination Skew 

• Earth Rotation Skew 

• Scan Time Skew 

• Orbit & Local Terrain . 

- Altitude Error 


Desired 


Typical 

Before 

Processing 


45 X 10 ^Radians 
30 Meters 
30 Meters 
5 Milliseconds 


TBD 


0,016^ 


0. 016^0 


-6 


530 X 10 Radians 


0^ 


0 Meters 


9°-90° 


5°-0° 


0 , 021 ^- 0 ° 


Expected 

After 

Processing 


TBD 


500 Meters ' 30 Meters* 


*With Stereo Processing 
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U.1,1- Minimum Oveilf-p Requirement 

The mlnimm overlap factor acceptable on the EOS program, for adjacent 
(non-consecutive) swaths is a function of how rapi^y a fully corrected map 
of a given area must he available after original data acquisition. 

At the equator, the creation of a contiguous set of OTM 15' charts 
from the basic tapes can be obtained in a number of operational ways. 

One of the principle operational goals would be the ability of the 



data reduction system to generate a full 


; 5 et Of UTM 15* charts without having 



to merge the data from adjacent tapes. T Is can be achieved at all latitudes 
unequivocally if the % overlap meets or exceeds: (See Figure E. h-7) 

M 15 H Mi . • 

^ — (inclination) swath width 

For a 100 n. mi.: Swath width, this heoones 

15 =■ 

^ “ ( 0,985 ) 100 

For latitudes farther north, the 15' UTM width is less than 15 N. Mi. and the 


equation becoines 


which can be tabulated as follows: 


ig N, Ml. cos (lat.) 
cos (inclin.) X swath width 
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The above situation «m:ia hold true Indefinitely if the spacecraft was 
operated in an orbit exhibiting an exact overlay of subsequent orbits. 

If an orbit is chosen such that the orbit path does not repeat exactly 
in a so^all integral nmber of days, allowing a f 50 n.M. displacaaent at 
the end of one 17 day cycle for exaaiple, the overlap factor beccees much 
less important. Then, the 15’ UTM charts not obtainable from the tapes 
generated during the first 17 day orbital cycle are by necessity available 

during the second cycle, 

in the absence of clouds, the overlap factor Is no longer of consequence 
except to ensure absence of voids and to allow sufficient overlap for 
visual matching of adjacent uncorrected imagery. This should be achievable 
vith as little as H <^®rlap. Taking into account a 50?i chance of significant 
cloud cover in any 15’ WM area and a probabiUty of a ccmpletely clear UTM 
of about 10?J, ^roxlmately one year would be required to collect a complete 
set of types from which a collets set of UTM 15’ charts could be created 
containing a minimal amount of cloud and without having to perform any tape 

merging. 

Of course the orbit retrace cannot be allowed to wander continuously, 
the longtime average orbit must retrace exactly and have a specific inclin- 
ation to remain annsynchronous . However, allowing the retrace to go from 
an overcorrected 50 n.ml. error to a drag induced 50 n. mi. on the other 
side can allow a relatively long time between orbit makeup activities 


■without incurring a mission penalty. 
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Local altitude perturbations in the orbit due to various mass anomolies and 
terrain features can also cause errors in the maps of a significant amount at the 
30 meter performance level. At the extreme scan angle for the 100. n mi scanner 
at .680 KM nominal altitude, an altitude error of only 220 meters will result in 
a mapping error of one resolution element. This is well within the local terrain 
variations found frequently in CONUS and worldwide and is of the order, of the 
systematic errors in the orbit. Removal of the terrain errors in the absence of 
stereo coverage would only be by reference to ground control points (located on 
the specific hill of interest) or other material. The establishment of such 
local ground control points would involve a survey team in the field and would 
be prohibitively expensive. With stereo or pseudostereo coverage, available 
throughout the CONUS if ^50 n mi orbit repeat wander is allowed, correction of 
■•■30 meters can be achieved using standard stereo techniques. The variation ,in 
local terrain altitude will, become the dominant error in the data reduction sys- 
■tera (especially if a wide angle TM is used) as the flight program matures and 
the system begins serving the more .difficult users — the small farms located in 
rolling countryside for example. Thus as the system matures, the requirement for 
stereo will increase and orbital drift during data acquisition, will become desirable 

E. 4.2.1 Candidate Scanning Techniques 

As a result of a series of sponsored point designs for the Thematic Mapper 
followed by a similar series .aimed at a High Resolution Pointing Imager, a very 
large range of possible optical imaging techniques were considered as indicated 
in Figure E 4-8. The pushbroora electronic technique can also be described as a 
linear image plane scanner although its implementation is somewhat different 
than the others in this family. 
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liacirol- these scanner types are capable of meeting the EOS requirement. 

It Is the secondary considerations which must be used to evaluate their re- 
lative utility, reliability, and difficulty to produce and use (cost). 

Of primary importance before proceeding is to point out that the title 
linear scanner may be misleading. Such a scanner may scan a geometrically 
straight line under cptimun. conditions but generate a temporaly non-linear 
output data stream which is difficult to process. Conversely, the conical 
scan may generate a temporaly linear data stream while scanning a circular 

arc on the geoid* 

Furthermore, the scan patterns on the geoid are only truely linear or 
circular when the scanner reference axis passes directly through the nadir 

of the. sensor. This is a very difficult constraint. In addition, most of 

the preferred scanner configurations employ multiple detector arrays . . Under 
such circumstances only one of the detectors of a linear scanner can scan 
through the nadir and produce a geometrically straight scan on the geoid, 
all other detectors must scan an arc resulting in the familiar bow-tie 

effect. 

Thus, as a practical matter, one should not attach too much signifi- 
cance to the term Unear as used here. Except for a local user or a user 
only requiring cursory knowledge, all of the scanner-spacecraft combina- 
tions evaluated will require computer computation prior to reconstruction 
of the imagery in final form. The amount of computation required is a 
strong function of the performance of altitude control .system. 

Telescope Concepts : 

The principle advantages of an object plane scanner relative to an 
image plane scanner are two. First, the object plane scanner only requires 
a very small image plane field of view, about l/32” (specifically the sise , 

of the detector array) and is therefore, easier to correct optically. 

). on 



'I’he image plane scanner must image an area as large as the area to be 
scanned. This difference is quite significant in the TM (image field 
of *^15®) and any up rated TM (image field reaching Second, 

correction for such wide fields of view in a fast telescope become quite 
difficult and, as £ minimumj adds to the number of surfaces in the opti- 
cal path, an area where image plane scanners are already at a disadvantage. 

In the case of the HRPI, the offset pointing requirement further 
accentuates the difference in computational complexity required to handle 
the linear versus conical scanners and the need for excellent alignment 
of the sensor reference axis to the nadir point. 

Scan Distortions; 

For a linear scanner with a negligible pitch and yaw misalignment, 
offset around the roll axis results merely in an increase in the bow tie 
effect and the loss in resolution according to the cosine law in the di- 
rection of the flight vector and the cosine square law perpendicular to 
the flight vector. No voids are caused and if desired, certain detectors 
which are providing redundant data due to overlap can be Ignored. A pitch 
or yaw error causes the bow tie pattern to be unsymmetrical causing some 
complications in the data reduction. 

For conical scanners, offset can be accomplished in one of two ways: 
changing the sector- of the arc usually scanned to one including the de- 
sired offset or by offsetting the reference axis so the desired area falls 
within the area desired. In the .first method, the scan geometry is un- 
changed except with relation to the flight vector. The processing al- 
gorithms required are changed little. In the second method, the entire 
scan geometry changes to a series of ellipsoidal segments containing 
considerable overlap scan to scan, complicating the processing con- 
siderably. 
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In the variable sector scanner vehicle pitch and yaw errors are al- 
most insignificant causing a small displacement of the total field of 
view. In the displaced reference conical scanner, they add additional : 
minor terms to an already complex algorithm. 

Inertial Impact: 

All of the mechanical scanners involve motions having an inertial 
impact on the spacecraft most of these involve continuous rotary motions*. 

It is anticipated that the scanners will run continuously once orbit is 
achieved* Therefore, the- principle transient effect is a momentum transfer 
during initial stai’tup, and the principle steady state effect is one of 
gyroscopic coupling of any torquing to the vehicle caused by the attitude 
control system. Tne proposed linear object plane scanner has adopted a 
nutating rather than a continuous rotating mirror. This scheme avoids -a 
gyroscopic effect but introduces a continuous vibration .at about 10 hertz 
and harmonics thereof which must be accounted for and isolated. 

Pointing Errors; 

The size and perfonnance of the Thematic Mapper is such that a review of pre- 
vious practice with regard to establishing the sight line of the instrument with 
respect to the i^adir, is suggested. 

In a great many earlier mSA missions, the instrumentation was relatively small 
physically and the angular resolution relatively coxirse compared to the accuracy 
readily available from the guidance system. 

The above considerations have led to the practice of considering the vehicle 
an optical bench to which the guidance package and instruments were physically 
aligned prior to launch. If necessary, the actual instrument alignment to the 
Nadir after launch could be calibrated out, (a rather coarse absolute accuracy) 



by majiually exajnining the imageiyo It vras not difficiilt to design the vehicle 
(the optical bench) for adequate rigidity and temperature stability due to the 
coarse resolution involved. 

The above procedure was abandoned some years ago in high performance military 
camera systems for a number of reasons. 

First, the relatively large "telescopes” employed must be mounted in a sta- 
tically determinate manner to avoid the introduction of forces causing defocussing 
of the camera system. Such determinate mounting makes it difficult to maintain 
tight alignment to the attitude reference through the intervening optical bench 
(the spacecrail: in this case). Furthermore, as the angular pointing accuracy goes 
up, it becomes more difficult to achieve the desired rigidity of the spacecraft 
•without a weight and/or design cost penalty. 

Similarly, the difficulty of guaranteeing thermal stability to the degree 
desired during design becomes more costly. 

Calibration by ground control points is still a means of establishing the 
actual pointing angle over a relatively short segment of the mission duration. 

However, it suffers from at least three drawbacks: 

1. It will require htman intervention into the data processing 
system of a high volume operationally oriented infomnation 
system. 

2. It will require at least quarterly recalibration during the 
mission life until the stability of the calibration is 
demonstrated as the required frequency of recalibration is 
established. 

3o The calibration results will not be available in a timely 
manner, hours after data acquisition, to allow preparation 
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of "final” maps by the data processing system as part of 
its on-line operation. 

A further ccanplicationj in terms of aligning the instrument to the guidance 
package through the vehicle structure, arises idien the instiament must be removable 
as a module for resupply or maintenance by shuttle. Designing a simple latching 
mechanism while maintaining the desired alignment accuracyv probably in tandem 
with the determinate mount, will be a difficulty and a cost. 

The preferred solution to the alignment task is to mount a pointing reference 
directly on the instrument. This accamplishes a number of things; 

1. It allows the instrument and the reference to be aligned to each 
other at the subsystem level where smaller packages and shorter 
distances are involved. 

2. It allows the spacecraft to be designed without as demanding require- 
ments as rigidity and thermal stability, contributing to a low cost ■ 
design. 

3. It makes the spacecraft design Independent of the particular 
payload carried, leading to a more general purpose spacecraft, 

4. It considerably simplifies the spacecraft system integration 
problem since no alignment benches and or pathways need be 
provided as part of the AGE. 

5. It eliminates entirely the need for human intervention in the 

data processing system after launch, both in the field establishing 
ground control points, and at the data center reviewing the imagery. 

Hie cost savings associated with items 2 through 5 will norm^ly far exceed 
the cost of mounting an additional star tracker on the instrument (as an instru- 



ment mission peculiar item) aasuming integration of the sensor into the spacecraft 
system is not too difficult. 

In terms of. integrating the IMP star -tracker into the EOS spacecraft, the 
additional cost is reanarkahly low. 

In the EOS “baseline design, the system employs a common bus communications 
system between all system, element-s and the on-board cou^uter and all elements 
communicate by way of the cbn^Juter. Thus the star-tracker in the guidance and 
control module doesn^t communicate directly with other elements of the guidance 
system. Instead, , it is addressed and corresponds with the computer only. 

In such a system, see Figure 4-8a, the introduction of an IMP star- 
tracker (and a backup to the main unit) is quite simple. The computer merely 
addresses one star-tracker or the other as desired. Of course, it must have the 
correct star map for each tracker in storage if it is assumed they have somewhat 
different optical axes. If they have similar axes and fields of view, only one., 
map is required. 

The IMP star-tracker would be addressed through the TM conmiand and telemetry 
multiplexer wherein adequate capacity is available. Thus it would be replaceable 
as part of the TM package, Figure 8b. 

The use of an IMP star-tracker would allow the exact line of sight of the in- 
strument to be transmitted • to the ground with an instantaneous accuracy of one 
IFOV or better in real time, far better and more current than the average value 
obtained by. ground control points. The accuracy of the on-board reference system 
in .the baseline would be on the order of +6 IFOV at best. 

Therefore, it is recommended that a star-tracker (auxiliary to the main 
star-tracker ) be mounted directly on the TM and communicate with the on-board 
computer through the TM multiplexers If possible, the two star-trackers should 
have parallel optical axes and be otherwise identical to simplify the on-board 
computations. 
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Wliereas the HHPI is intended to achieve a higher ground resolution, 
it need not achieve the mapping accuracy of the TM. It need not carry 
its own star tracker, calibration is available conveniently by comparing 
the TM and HRPI imagery of the same scene. 

Instrument Size: 

All of the point designs considered for... the TM were found to achieve 
similar optical system and sensor performance. Thus, they ail required an 
aperture of abiut 19 " at the 91 ^ KM altitude to achieve the desired radio- 
metric performance. Approximately 600 pounds was required as a weight 
allocation for each of the designs. The weight allocation was found to 
be proportional to the square of the altitude as is common in such in- 
struments. Thus, at the preferred altitude, 680 tan, a weight of about 
350 pounds is to be. expected, ^"9- 

Scan Efficiency: , . 

The mechanical image plane scanners typically exhibit a lower scan 

efficiency before vignetting than the object plane scanner. However, the 
object plane scanner exhibits a poorer temporal linearity as the scan 
efficiency is increased. A scan efficiency of between 70^ and can be 
expected In the final TM design with linearities better than 3 parts per 
1 , 000 . (Pixel location errors of up to 300 meters in the raw data). 

If an extended swath TM is chosen for flight, the scan efficiency of 
image plane scanners will drop precipitously unless a significant weight 
penalty is incurredj Fig. ^-10. 

HEFT Designs: 

Each of the mechanical scan TM’s were configured to a HRPI. The 
resolutions were increased at the expense of field of view and MTF. 

Therefore, the size and weights remained relatively fixed. In one case, 
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a pointing mirror wa3 added, in two cases the entire instrument was 
redesigned to roil about the roll axis. Both satisfactory modifications 
involving less than 50 pounds . Where a major part of the instrument 
is rolled, an additional penalty of about 20 pounds is incurred in order 
to provide momentum compensation. Internal compensation is preferred oyer 
reliance on the ACS due to the desirability of pointing the HRKE rapidly 
and rtdnimizlng the settling time following pointing to ensure adequate 
capability for acquiring data from targets at similar latitudes on a 
single pass. 

The electronic push broom HRPI was originally designed with a faulty 
optical system. When corrected, 1iie total weight of this and the other 
HRPI's will all approximate 400 pounds (including momentum compensation) 
for the 680 KM Orbit , . 

GROWTH yS YAW ERRORS 

All of the linear scan HRPIs and the extended swath TM's place a 
heavier requirement on the spacecraft yaw accuracy as the extreme scan 
angle is increased. In the absence of adequate yaw control, the required 
ground processing increases in complexity. 

DESIGN COMPATIBILITY 

Based on the current state of instrument design, each of the mechanical 
scanner suppliers is offering a pair of scanners, one TM and one HRPI, 
based on a single structural package. Therefore, considerable design 
cost could be saved by acquiring both instruments from the same supplier. 
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E.2*^»2.2 Candidate Detector Systems 

All of the point designs choose the same detector type for 
band 7 and there is little choice for detectors for hand 5 atid 6. The 

area where choices remain is in hands 1 tb, 4. 

For hand 7, Mercury Cadmium Telluride operating at 100° Kelvin 

is the detector of choice. No other detector is known to meet the 
requirements at a temperature achievable with a passive cooler. 

For band 5 & 6 a similar selection can he made. Indium 

Antimonide. though requiring cooling, has a very low internal power 
dissipation -and represent a very small load to the cooler. By using a 
cooled filter Immediately in front of the cell, a very, good inherent 
S/N can he achieved. Whether this performance can actually he achieved 
is highly dependent on the design of the preamplifier used since due to ' 
the low impedance of the detectors, the circuit is usually preamplifier 

noise limited. 

The performance in hand 6 is generaUy found to be marginal 
in all of the point designs and the suggestion appears repeatedly that 
band 6 be combined with hand 5 in order to provide generally higher 
performance. User requirements must he examined before taking this. step. 

In the visual region of bands 1 to 4 is where the most 
significant choices are required. In earlier programs, photo-emissive 
photo-multiplier tubes were by far the best performers , particularly 
when used in the multiple internal reflection mode. ^Recently, the 
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solid State silicon technology has clearly surpassed even the new GaAs target 
PMT in the long wavelength band and as better and better preamplifiers are 
designed it will also surpass PMT’s in bend 3. Hjghes Figure if-ll , has indi- 
cated in their HRPI point design that the number of silicon diodes for band 1 
(the most challenging) is only 2-2.5 times the number of PMT's required, a very 
acceptable number except for the bow-tie errors encountered. These calculations 
were made for room temperature devices, TE corporation has introduced the idea 
of cooling the detector preamps to about 200 in order to eliminate (reduce) 
the mostsignificant noise contributors. This leads to an improvement of about ; 

nearly that needed to overcome the advantage of illustrated by Hughes. 

Though the absolute superiority of silicon cells over PMT's may be argueable 
for some time, they exhibit nearly adequate performance and offer a number of 
significant advanteages . 

1, They are considerably smaller and lighter. 

2, They are a great deal cheaper and easier to space qualify. As time goes j 
on the use of PMT’s in industry will continue to drop causing their 

cost to increase further. i 

3, They are much simpler to interface to the optical system, ! 

I 

U. They offer growth potential both in single cell performance but also in 
integration of the signal frcm multiple cell arrays . 

By modifying Figure E* ^-11 taken from the Hughes point design to reflect 
cooling, the use of about 20^ more silicon cells than IMT's results in a design 
of comparable performance for the two cases. The use of even a few additional sili- 
con cells is feasible and leads to an inexpensive improvement. 

Of even more significance, is the growth potential available with 
silicon technology. If an increase in sensitivity is desired, the silicon cell 
arrays for each band, which at the moment are one dimensional, can be changed to 
two dimensional and longer signal integration can be obtained for each pixel by 
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employing "delay integration", (a technique which 
with oversampling which is discussed elsewhere). 

is intrinsically incompatible 
This is the technique suggested 


in the Hughes HRPI design. The technology to accomplish this improvement is 
already available in early form from several military space programs , 

It is recommended that an all solid state detector package be 
utilized on both the TM and HBPI, utilizing a slightly larger aperture 
if necessary to achieve the necessary s/N ratio, that provision be made 
for cooling the band 1-4 detectors and preamplifiers to 200^K, and that 
provision be made for retrofitting two dimensional sensor arrays for 
each spectral band in the future. 

E. .4,2,3 Output Data Formats 

The total data rate out of each of the optical instilments is 
in the 100 megabit per second region, and is initially generated 
as approximately 100 Individual analog channels . The choice of the 
method of transmitting this data and assimilating It for transmission 
are primary as is the question of the location of the interface 
between the instruments and the data transmission system. 




PREPARED B • 

GROUP r. jMBEP ft NAME 

DATE 

CHANCE 

LETTER 




REVI SIDN DATE 

APPROVED BY 

' 


PAGE U-3^ 

J 


♦G A C 37 • ■ 



The output data rate of the instruments is proportional to: 
the scan width 

the IFOV (Reciprocal Squared) 

the scan efficiency (reciprocal) 

the number of bands 

the number of samples/lFOV 

the number of .bits/sample 

the vehicle altitude ( ^ h ^ ) , 

E.i^.2.3,1 Scan Efficiency 

In all candidate instruments, a scan efficiency of between 70fo 
and 80^0 is predicted. At 80^ efficiency, it is not deemed useful to 
add a buffer on board' the spacecraft to equalize the data flow and lower 
the data rate. With the cost of a data channel rising at the fourth 
root of the bandwidth, it is much cheaper 'and more reliable to raise 
the bandwidth rather than add a large on board, high speed Buffer. 

E, 4. 2.3.2 Scan Linearity • 

Because each of the candidate linear scanners exhibits a temporal 
distortion in its scan there is a tendency to want to correct this 
prior to transmission in, order to make it easier on the ground station. 

In the present image plane linear scanner, the error is due to the Earth's 
curvature. The error is small and predictable, since it is trigonometric. 

The object plane linear scanner as currently breadboard exhibits temporal scan 
' nonlinearities of a higher order which are repeatable but not as well be- 
haved. By operating the scanner in a closed loop mode, its temporal linearity 
can be brought to a residual error which is also trigonometric. 
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These remaining trigonometric errors are sufficiently small that 
the radiometric quality will not he affected. However, the error in 
true ground position still amounts to tens of pixels at the edge of 
the scan. Removal of these residuals can he accomplished in two 
ways; hy sampling the detectors on hoard assynchronously and then 
clocking out the samples, synchronously, or hy sampling and transmitting 
the samples synchronously and correcting tte errors along with the 
other geometric errors of pointing in a single correction process 
using a product matrix in the computer. This latter approach is 
hy far the better one. It Leaves the on-hoard equipment all synchronous 
and as simple as possible. To alleviate any problem in case of failure 
of the scanner feedback loop, it is proposed to transmit a scan error 
code CD a per pixd haiis cn a routine basis. Therefore the result of 
a Loop failure car. he corrected on the ground, at least at the main 
station, with only a small reduction in throughput. 

E. 4. 2. 3.3 Offset Scanning 

An additional problem appears in the case of a HRPI at high aspect 
angles. The bow-tie effect may become large enough to effect both the 
radiometric accuracy of the data and the amount of overlap in the 
imagery, (approaching ■25'/o or ^ of all detectors). Correction of this 
effect on board is complex requiring both a scan rate and scan duty 
cycle change. A preferred correction is to correct the radiometric data 
on the ground for not only scan angle effects but also for atmospheric 
column effects. Similarly, the geometric data can be corrected by the simple 
expedient of blanking out data from one- of each pair of overlapped de- 
tected channels or by averaging. 
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In all of these cases, the preferred data handling approach 
involves synchronous sampling with a fixed clock. 

E,4,2,3.^ Orbit Altitude Corrections 

Consideration of a variable clock must be looked at from one 
other perspective, the possibility of an incorrect orbit injection. 

An error in the mean altitude and/or orbit ellipiticity could result. 
These errors are correctable with the basic orbit adjust system and 
are therefore unlikely unless a major malfunction causes a gross 
error which will necessarily reSuHpt in a non sun -synchronous orbit and 
a compromised mission. For mean 4ltitude errors of less than 50 
kilometers, the data can be radionjetrically corrected without resorting 
to a variable clock and the geometric errors amount to approximately 
1 IFOV per stripe. There seems to be little chance of an altitude 
error of sufficient- magnitude to justify a scan rate which. is 
variable in flight. 

Using the 185 KM swath width, 30 microradian resolution TM at 
6S0 KM as a reference, and employing I5 detectors in each band except 
7 where 5 used, (l5/5 is chosen rather than l6/4 in order to 
better accomodate the LOGS mode of operation). The time to move from 
one pixel to the next is approximately 6.72 microseconds. 




E.4,2.3-5 Daf-.a Sampling Ra*:e 

An area of significant importance in the trade study is that involving 
the number of data samples to be transmitted per IFOV. As will develop 
below, specification of this ratio has a number of very important system 
ramifications: 

1. It has a very significant operating cost impact amounting to 
millions of dollars per year. 

2. It can have a significant impact on the accuracy of the radio- 
metric data particularly at low radiance levels. 

3* It can effect the fidelity of the reproduced imagery from a 
"resolution" and edge response point of view. 

^"L-Can^have a major impact on the growth potential of the 
overall system design selected. 

5- There is a historical precedent in the developmental ERTS 
system which may or may not be relevant to the design of an 
operational system such as EOS. 

Each of these Impacts; cost, performance, and philosophical must be 
examined closely in arriving at an optimum system design. 

Pefinitions 

Because of the complexity of this study area, certain background 
and definitions are appropriate before proceeding. 

For the types of instruments being considered here, using a row(s) 
of discrete continually integrating sensory cells whose field of view Is 
being continually swept across a (relatively) stationary scene, the spatial 
performance is best, described in a different manner for the along the row 
and the along-scan direction. 



Therefore, the following definitions will be adopted: 




Along 

Along 



Scan 

Row 

The image response 

of the telescope 

Its 

^tr 

The image response 

of a single sensor cell 

^ds 

, ^dr 

The image response 

of the sensor array 

. ^as 


The image response 

of any filter prior to sampling 

^fs 

^fr 

The Image response 
converter 

of the sampling system of the A/D 

I 

I 


ss 

sr 

The image response 

of the reconstruction printer 

I 

rs 

I 

rr 


In the above table, it is generally a good approximation that the system image 
response from the input to a given interface is described by the RMS sum of 
the image responses prior to that interface. Although the telescope itself is 
not quite Gaussian in image response, the central limit theorem is con5>lied 
with after summing at least three image responses, i.e., prior to saurpling and 
certainly after sangjling. Thus the RMS sum is justifiable. 





In the EOS systems the linage response I - 0 since no sanrpling is done along 

sr 

the row except that due to the geometry of the array I , For the non-CCD TM configu. 

rations, I =0. Also I_ =0 since the analog filtering provided does not affect 
as Ir 

the data in the along the row direction. 

To conform to earlier definitions on the EOS program^ the instantaneous field 
of view (IFOV) of the instrument is given by 


IFOV 


s 


ts 


"ds 


+ I 


as 


+ I 


fs 


IFOV 


tr 


+ 


dr 


+ I 


ar 


+ I 


fr 


and 


IFOV « IFOV = IFOV 
s r 

by specification. 

The overall system performance can best be described by the system field of 
view (SFOV) given by 


SFOV 

s 




IFOV 


+ 
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2 

I 

rs 


SFOV 

r 



\/ 2 2 

V IFOV + I 

r rr 


Generally^ the system design will call for 


SFOV = SFOV 
s r 

however, this is difficuLt to achieve if IFOV 

s 

2 2 2 2 2 


IFOV + 
s 



+ I 


rs 


= IFOV + 
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I 

rr 


jpOV requires 
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This can be achieved by degrading the reconstruction equipment (making I 


rr 


= I 


rs 


+ I , ) for the effect of sampling or by increasing the sampling rate to make I 
s s ss 

approaching zero. Alternately the above equation can be an. inequality resulting 
in an assymetrical output capability. 

SFOV 4 - SFOR 
s ' r 


An alternate approach is to hold 


and relax the requirement that 


SFOV = SFOV 
s r 


IFOV == IFOV 
s r 


then' any individual image response can be modified to optimize overall system. 



By referring to Figure 4-12a, can be seen that the data to be transmitted 
is presented to the array in parallel. Furthermore, the discrete position of the 
array causes its output to be phase sensitive. The frequency response function 
is statistical in nature rather than unique as illustrated in Figure U-12b. Thus, 
whereas the overall image response of the system along the row is unique in a 
sense, its frequency response is not. Thus, an IFOV specification is probably 
most appropriate. 

For the along the scan direction, a similar result is obtained but due to 
a different process. The overall system response is obtained as a result of a 
number of processes as indicated in Figure 4-12c. The data is presented to 
each cell in serial fashion, each cell sees portions of two data points simul- 
taneously for a major portion of a sampling interval. This results in an output 
signal which is highly dependent on the sensor cell size relative to the imagery. 
For a bar pattern of the same pitch as the sensor maximum dimension, the high 
frequency content of the signal is greatly attenuated. The signal is .then usually 
band limited further to minimize the noise content of the signal regardless of 
source, Fig. 4-12d, 

The above signal is now sampled for purposes of transmission by digital 
means. The frequency of sampling has a distinct impact on many aspects of the 
system. Technically, its principle impact is on the fidelity with which a 
repititive pattern on the ground, at limiting resolution, is reproduced. 
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Fig. 4-1 2c Discrete Detector Analysis 
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Shannon, when working with one dimensional audio signals, that 
two samples per cycle at the limiting resolution was adequate to recon- 
struct a long periodic pulse train. It is not adequate to reconstruct, 
a short train because of inadequate phase information. Aliasing will 
frequently result in such a case. 

Kell later showed that in commercial television, a poor analog to 
the current problem in terms of both scene content, scanning method and 
scene to scene integration, that 2.8 samples per cycle was a good statis- 
tical choice for ,TV broadcast purposes employing a virtually noise free 
signal (and certainly not a photon noise limited system). This criteria 
was developed boased oh average scene , content and was measured by using a 
long multi-line wedge target. 

In modern military photo-transmission systems, an even stricter 
criteria is employed. It is required that only a few short parallel 
bars at or near limiting resolution be repi;o<iuced faithfully without 
aliasing or drop-outs(i. e. retaining the phase information). This 
criteria generally requires at least four samples per cycle. 

In each of the previous applications, the absolute brightness levels 
associated with the data is of little concern, geometric detail is of 
greater concern. 

For the land resources mission of interest here, a criteria diff- 
erent than any of the above may be appropriate. Clearly, the absolute 
radiance levels. of the data is of greater interest. Furthermore, with 
the availability of data from multiple spectral bands simultaneously, 
the differential radiance data is of considerable interest- particularly 
if it is of adequate quality. O.uality in this mission seems based much 
more strongly on signal to noise ratio than on fine spatial resolution. 



Therefore, the criteria for this mission is clearly different than for 
those annotated above. 

Cost Impact 

The principle cost impact related to the sampling ratio is a straight 
forward one involving the cost of processing the additional data points 
related to a sampling ratio greater than 1.0. This additional cost falls 
into one or both of two categories; 

1. For a map of 1.6 samples per IFOV in one direction and only 1.0 
in the other, as in the NASA baseline, the total number of data 
cells Is 1.5' times that of a map of 1.0 by 1.0 samples per IFOV. 

2. Tlie cost of recomputing a 1.0 by 1,0 samples per IFOV from the 

original 1.5 1*0 map. 

The cost of data processing a.ssociated with the correction of the 
imagerjs as received at the main station, into a fully corrected map is 
a major system cost. As shown elsewhere in this report, the cost of 
processing each map is between $36 and $92 based on 1.0 by 1.0 samples 
per IFOV. The cost of processing a 1.5 by 1.0 map is 50^ higher as 
Illustrated in Figure 4-12e. 

Since this cost is an operating cost, it is highly dependent on map 
volume. Figure 4-12f shows data from the ground data processing report of 
this study modified to illustrate the cost of processing these maps as a 
function of sampling ratio. 

Note the significant cost of raising the sampling ratio. The differ- 
ential cost, also plotted on this chart, far exceeds the entire cost of 
operating the MOCC for a relatively few TM maps per day. Furthermore, 
the savings involved in using a 1.0 by 1.0 sampling ratio rather than the 
baseline can save $20 million dollars over a five year interval, a signi- 
ficant portion of the total system cost. 
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If after generating a fully corrected 1.0 by 1.5 sample map, it is 
desired, to generate a one data point per IFOV map, a 1.0 by 1.0 sample 
ratio map, two avenues are possible. 

First, the corrected 1.5 by 1.0 map could be further processed to 
give the desired map at relatively little additional cost(about 25^ since 
no geometric correction is involved) and probably no change in radioraetri 
quality. 

Alternately, a special purpose processer could be used to eliminate 
the extra data points on the original tapes prior to reprocessing into 
a 1.0 by 1.0 map at the cost originally quoted. 

MAP COSTS. STARTING FRCM A RAW 1.5 by 1.0 MAP 



Map 

Nearest Neighbor i 

Bilinear 


1.5 by 1.0 ' 


$138 

I 

1 . 0 by 1.0 

‘ 36 . \ 

92 


Both maps 

67 - 90 * 

172 - 230 * 


* lowest number by use of special piorpose, processer. ■ Higher 
number is by reducing 1-5 ^>7 1*0 niap to 1.0 by 1.0 



Sampling vs Spatial Fidelity 


There are two principle technical aspects to be considered in 
selecting the sampling ratio. First, the impact on the S/W ratio of the 

data( radiometric) and second, the impact on the spatial fidelity of the 

imagery along the scan defined more specifically as the effect on the 

point image spread function (or its integral, the edge response). 

For a noise limited system, the effect on the radiometric quality of 
using a different sampling ratio is quite straight forward and depends on 
whether the noise is of detector origin or photon origin. Figure ^-12g 
illustrates the two conditions for the case of a uniform intensity level 
at the input (the large area case). The differential signal to noise 
ratio between two adjacent resolution elements is considerably poorer due 
to the loss of response at high spatial frequencies. 

As seen from the figure, in areas of low intrinsic radiance, the 
quality of the radiometric data will be impacted by a sampling ratio 
significantly greater than 1.0, everything else being equal. 

The effect on the spatial quality is not so direct since the point 
spread function due to scanning is convolved with several other spread 
functions of similar value. Thus referring back to Figure 4-12cj it is 
seen that the total, spread -function and MTF is the composite due to four 
elements; 

1. the optics 

2. the field stop or sensor cell 

3- an electrical filter 

4. the sampling process 

The sampling process involves a statistical process not unlike that 
described in Figure 4-12a above. The resulting MTF is phase sensitive and 
not unique, it is as shown in Figure 4-12h. The probability distribution 
associated with this process appears to be flat so that the mean MTF is 
descriptive. 4-54 
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Fig. 4-12g 




Figure 4-12i illustrates graphically the system costs as they relate to 
the sampling ratio and the MTF due to sampling. Note the sampling ratio, the 
data rate, and the cost of ground data processing are all shown on a common scale 
as a function of the sampling MTF. The average MTF due to sampling is seen to 
drop from 71^ to 50^ as the sampling ratio goes from 1.5 to 1.0. However, this 
is not the system MTF. 


Looking again at our equation for the image response of the system, and 
neglecting the effect of the ground reconstruction equipment. 


SFOV = 
s 

and SFOV 

r 



Looking at the above figures in tabular form and using a baseline IFOV ex 
pressed as '30 meters ground resolution IFOV^ '+ 


' ■ IFOV 

SAMPLE 

SIZE 

SFOV 

COMMENT 

1. 

Along Row 

M 

— 

30M 

Baseline 

2 . 



— 

37^ 

Larger Detectors 

3. 

Along scan 

30« 


37 “ 

1 . 5:1 sampling 

4. 


2l“ 

3o“ 

3yM 

1.0:1 sampling 
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Fig. 4-12i Cost Trade Vs One Dimensional MTF (Due to Sampling Only) 



Note the baseline system - (line 1 and 3) provides 30 meter system resolution in 

one direction and 37 meters in the other. An alternate design, lines 2 & 4 

•would provide 37 meters in both directions. This design would improve the along 

scan IFOV by reducing the size of the detector cells in this direction by l/S 
s 

and degrade the IFOV^ slightly by increasing the detector size by 2 .%. The net 

effect on cell size would be small, a reduction in area by 16 . 5 ^? resulting in 

only a minor loss in S/N performance. 

The design of the optical system -would not be modified in any way, unless 

it was easy to increase the aperture by 8fo -- less than 1" -- to regain the 

above signal to noise loss. 

There is another method of achieving a 37 meter system response without 

reducing the along scan cell size (at least not so much). This involves departing 

from conventional gaussian analyses and using an electrical filter -with a response . 

which rises with frequency until system cutoff is approached. Such a pre-emphasis 

filter is capable of providing an increase in the instrument MTF prior to sampling 

at little cost and no performance penalty. 

The filter should be of zero phase shift design since the other- apertures 

in the signal chain cause a non -phase shifted roll-off in response. 

Such a filter when analyzed in conjunction with the other apertures as 

a group does not introduce any -undesirable ringing or other artifacts. In fact, 
it is normal engineering practice in photo transmission to introduce even 
more pre-emphasis prior to image reconstruction in order to remove the blurring 

and contrast reduction effects of the reproducer and telescope. 

Figure 4-i2j indicates how Hughes achieved the same instrument MTF after 

sampling in their HRPI point design >rfiile reducing the data rate to 76 Mbs. 

Because of the considerable operating cost savings realizable and the 
lack of any significant performance penalties, it is recommended that: 

1. The instrument be specified for an assymmetrical. IFOV. 
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2. That the along scan instnoaent IFCV be specified as 
approximately l/2 of the cross scan value by \ising 
rectangular sensor cells or aperture stops (the 
telescope response remains symmetrical) « 

3 . That the sajirpling interval be chosen to have an 

equivalent saiirple size equal to 3/4 of the system 

field of view (SFOV) and I .5 times the along scan 

IFOV . 
s 
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The annual dollar savings in the ground data processing facility can 
reach or exceed $2 million per annum through this choice. 

The recurring cost penalty associated mth this recommendation would 
be at worst l/8 of the above savings, about $ 0,25 million per launch because 

of the increase in telescope aperture size of about 1", 

'No performance penalty is anticipated as far as the imagery is con- 
cerned, On the contrary, as discussed elsewhere, the use of the suggested 

sampling ratio is compatible with the introduction of the new CCD technology 

at a later date. This can provide a growth of 10:1 in system radiometric 
sensitivity, providing a considerable increase in the systems performance 
at high latitudes and. during the winter months. 


4-62 



Thus the question arises as to how the raw data should be encoded f*or 
transmission, by dividing the maximum dynamic range into a large number of 
linearly spaced increments no larger than the finest grey level change, by 
dividing the range non-linearly into a number of levels which are finer at 
the lower radiometric levels, or using a linear division which is switchable 
to provide the best of both capabilities. The choice comes down to two; 
whether to use 6 or 7 bit encoding, and whether to use linear or non-linear 
amplitude encoding. A parameter effecting these two choices is whether or 
not the dynamic range chosen can be varied on command. Figure ^-13 illu- 
strates the possibilities. 

The best choice of these options is to use 6 bit encoding in a linear 
mode with a command switchable dynamic range. 

The data interface between each instrument and the data transmission 
system is of considerable concern due to the susceptability of the signals 
to degradation at this point. 

Another aspect of the interface, relates to the ground data reduction, 
it is desirable for the data emanating from the ground processing system to 
have output words from each spectral band which relate to a given pixel to be 
transmitted as a group. To accomplish this, the spatial relationship between 
the various detectors must be known. Since the field of view of the various 
detector cells associated with each spectral band are not necessarily identical,- 
or even physically relatable except through calibration, it is Important that a 
specification be placed on the instruments in this area. This will then allow 
relatively simple processing on the ground to generate the desired sample grouping 




In one of the point design instruments, both the east to vest and west to 
east scan are used for data acquisition, in an attempt to keep the scan efficiency 
high. This causes a problem in data reconstruction since most recorders, particu- 
larly the cheaper optomechanical types, involve a continually rotating drum or 
optical system to recreate the scan. Generally, these recorders are also unable 
to record multiple data streams in parallel, such as are mandatory in the type of 
sensors anticipated for EOS. Because of the need to convert multiple parallel 
data streams into a single serial stream of higher data rate, it is anticipated 
that all stations, even LOGS users will record all of the data prior to reconstruc- 
tion, If the data is recorded, only a slightly more complex memory system is re- 
quired to turn the data from every other scan around than to merely change it from 
parallel to serial form. Therefore, the question of unidirectional versus folded 
output data is not of major significance to this study. 



E.4o 2,3«6 Data Encoding Accuracy 

The €3q)ected dynamic range of imagery to be scanned by the TM and HRPI is 
relatively wide., However, the quality of the data within this dynamic range 
is variable; at relatively low radiance level which are of primary importance, 
the data is both of low contrast and of low signal to noise ratio. The low 
contrast calls for small steps between adjacent digital grey levels. The low 
S/N ratio indicates only coarse steps are needed on a pixel by pixel basis. 
However, large area integration may be a useful method of data analysis by some 
users to overcome this poor S/n ratio. 

In the high radiance regions on the dynamic range, there is little informa- 
tion of critical value to the land resources related users. However, there could 
be a secondary output of the system of interest to the meteorology community if 
adequate contrast discrimination is available. 

The above considerations ftH suggest encoding the cverall dynamic range to 
seven bits or more and possibly providing this level of encoding ever a select- 
able region of the cverall dynamic range. 

The cost impact on the ground data system of processing 7 bit versus 6 bit 
encoded data was examined. The ccmiputer system envisioned is expected to process 
the data in 8 bit Bytes. Thus even with one parity bit within the Byte, there is 
no cost impact with regard to computer cost. 

With no operating cost impact to sway the choice, the non-recurring cost 
impact was examined. The use of seven bits instead of six bit encoding will have 
an impact on the system data rate and therefore could impact the data link costs. 
The increase in data rate will be 16^. This is less than 0.5 Db and should not 
impact the cost of the data link or ground stations. 



The remaining question is then whether to use linear or non-linear amplitude 
encoding and whether or not to encode the entire and/or selectable portions of 
the dynamic range of the input imagery. 

The best answer to the above choice is to rely on the actual experience 
being gained on the ERTS program. There is preliminary information indicating 
that the use of a' switchable dynamic range A to D converter is and would be a 
useful feature. There is also preliminary information that the ERTS design may 
have a high sensitivity mode of the type illustrated in the upper portion of 
Pig. 4-13; saturation has been evident in some imagery due either to inadequate 
dynamic range in the electronics prior to the A to D converter or in the A to D 
converter itself. 

Based on the above experience, the Instrument dynamic range specification 
should probably be expanded to improve on the ERTS capability by controlling the 
output for over-range radiance, inputs* 

E,4.2.3.7 Data Interface 

In reviewing the instrument -data link interface with the point design con- 
tractors, there was unanimous desire on their part to redefine this interface 
from that in the baseline. This desire was prompted by a number of considera- 
tions. 

1. Merely mounting another supplier’s encoder within the instrument 
did not alleviate the difficult grounding problem associated with 
80-100 analog output signals. 

2. Maintaining crosstalk and ground loops at a sufficiently low level 
to justify 7 bit encoding following an analog interface would also 
be difficult if two suppliers are involved. 
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3. Any synchronous noise detected in the output wcruld probably not be 
detected^ until late in the program and it would be difficult to 
ascertain responsibility in this area« 

These are very significant technical considerations which involve a signi- 
ficant design risk to the program and the contractors if an analog interface is 
desired between the instrument and the data link- 

From the system design viewpoint, a second consideration is worthy of 
notice. A higher system reliability can be obtained if the data from the in- 
struments do not pass through any common processor elements on their way to 
the two independent data outputs, the main data link and the LOGS link. 

Thus, the concept of encoding all of the output data from an instrument 
into one serial bit stream and then stripping out a portion of the data for 
the LOGS user is a poor design from a reliability viewpoint. 

A superior design, even at the cost of some prime power, would employ a 
separate low speed A to D conveiiier for each spectral band to provide an out- 
put to both the main and LOGS processing system in parallel. 

Following the above approach, failure of the main A to D converter cannot 
cause loss of the system. Failin'e of one A to D converter would only cause 
loss of one band of data; failure of the main data processor would cripple but 
not defeat the system. Failure of one or more modes of the LOGS processor 
would cause more inconvenience than loss since the data would still be avail- 
able to LOGS users by alternate ndeans from the main ground station's. 

Whether the data emanating from the A to D converters is passed to the 
data processors in parallel or serial form is still open to analysis. It is 
colored considerably by the state of the art at the time of design freeze. In 
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general, the use of a parallel wire digital interface leads to maximtan flexibility- 
in the data processors, the LOGS data rate need not be synchronously related to 
the main data linK. It also avoids any data skewing problems which might arise 
with multiplexing multiple serial bit streams. However, the wire count at this 
interface, through reduced from the analog case, would still he close to fifty- 
wires instead of. the eight or so of a serial interface (including scan sync 
data } • 

It is recommended that the instrument-datalink interface occur after A/D 
conversion and it is suggested that a parallel wire interface, one set for 
each spectral band, be considered, all other things being equal. This recommenda- 
tion is made primarily on reliability, data quality and ease of system integration 
considerations. 

E 4. 2. 3. 8 Data Grouping 

(see Page 4-4l for text) 
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As indicated above, the linear point design scanners exhibit a 

scan non-linearity with time which is a complex function of the 

I 

scanners basic non-linearity and the curvature of the earth » The 

i 

scanner error predominates in a 185 Km swath scanner and is on the 
order of 3-10 parts per 1000 or on the order of 18 to 60 pixels per 
scan. This amount is sufficient to have a significant impact on the 
data management system, both from a radiometric and geometric point 

j 

of view. The error in the object plane scanner is currently larger 
than for the image plane scanner, but the error is discontinuous in 
the image plane scanner making correction more difficult. Both 
I corrections, if done on board the spacecraft, involve a servo loop 
I with a drift interval during which a correction must be estimated. 

I Correction of this error requires measurement of the error and 

i 

' prudence requires transmission of the error signal to the ground 

i 

I whether or not correction on board the spacecraft is attempted. 

Since the signal will be transmitted in any case and the added 
circuitry is a reliability consideration, the principle correction 
procedure should be ground based. 

A special consideration applies if the linear object plane 
scanner is used in the high scan efficiency mode. The error between 
I the east to west and west to east mode are not equal or symmetrical. 
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implying that a quick look for LOGS printout without correction will result in 
significant missmatch between adjacent stripes. Because of this, the supplier 
of this scanner should be encouraged to lineai'ize his scan employing a fail safe 
design which does not add additional elements to the data streams (correction of 
the scan mirror motion itself). 


PREPARED BY 


GROUP NUMBER A NAME 


CHANGE 

LETTER 


APPROVED BY 


*CAC 3TJ1 
i-fi 







GRUMMAN 

trade STUDY REPORT 

— - — - • • ' ' T RAOK s I u n V m-' non I 

title fjo, 

wBs NUMnr. H 

K. k ,2j^ cSdIMTE point DESIGNS 
E, 4. 2. 4.1 COMPARATIVE EVALUATION 

During the course of this study, each of the TM point design contractors developed an 
electro-mechanical HRPI point design and provided additional specific data concerning 
their iM designs. Hughes also submitted an alternate ™ design based on the results of 
their HRPI design. This material provided the basis for a re-evaluation of the sensor 
designs. This re-evaluation will be treated along the following topical lines: 

1. Volume, Weight, Power, Reliability 

2. Scan Non-Linearity and its Consequences 

3. Scan Rate Adjustability | 

U, Scan Efficiency and Buffering (or Spooling) ; 

5, Synchronism of Scan Control and System Clock 

6, Offset Pointing Mechanisms for HRPI ' 

7, The Thematic Mapper Radiative Cooler^ j 

I 

8, The Pushbroom HRPI 

I 

9, Wide-Swath Thematic Trappers ! 

I 

I 10. Pcssitle I74-HRPI Com'oinations 

The discussion of electromechanical HRPI designs and electromechanical IM designs is 

^ properly combined here because the individual instrument designers have used the same i 
basic optical, mechanical and electronic technology in the HRPI as in the I’M, A numoer of 
efforts in basic scan and detector technology have been pursued which are reflected in 
the latest design proposals. Also there have been very recent efforts to increase the 
swath coverage of the TM to satisfy certain user demands. On the latter point no formal 
documentation is available. Therefore, the discussion must revert again to basic technical 


differences in approach to design, 
VOLUME, WEI'iHT, POWER, RELMILITY 


It was somewhat mistakenly assumed during the early Phase A effort that it would be 
imnrantl na1 to pvnand an ob.iect Tslane scanner represented. by the ERTS MSS_t.o fulfill the — 

" ^ ^ ' . , - M -■ 1 
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^re^ution and other p"erformance~6^ectives of the EOS Thematic Mapper. Because' of this 
assumption, an early ■ emphasis on the development of ima^^e plane Scanners wan evident. 

Subseq'.iently Huf^hes showed that the maximum feasible aperture size compatifile witii aj 
! nutating flat diagonal mirror was larger than previously thought, that it was in fact | 
above 19 inches in diameter. 1 

This result and the results of the image plane scanner studies showed that both the ! 
object plane and the image plane approach was feasible for the EOS mission, particularly ■ 
the baseline situation, i.e., a scan angle of + 6° from an altitude of 915 KM. At lower ^ 
mission altitudes, the image plane scanners find it more difficult to maintain the same 
ground swath width, i.e. ,+ 7.5° at 680 KM to give I85 KM ground swath. When the re- 
quirements are raised to + 20 or more, it may well be that the single optical head image 
plane scanners have been eliminated from the competition. 

Assuming that the performance specifications for the TM or HRPI can be met equally 
well the competition among instrument approaches resolves to one of volume, weight, power! 

I and reliability. In fact, some performance differences may arise within the range of 
presumably acceptable values, in such areas, for example, as scan linearity. It is also 
true that the competition in volume, weight and power has developed mostly in connection 
with a' Delta launch, and as of fairly recent date. It is probably fair to say that this 
effort is largely an attempt by the image plane scanner instrument designers to at least 
match the i'irst-cut lighter-weight object plane scanners [both TM and electromechanical/ 

!!RPI). 

General Optical Discussion - At this point the general optical similarities and differ- : 
ences pertinent to the subject of volume, weight and pcfwer may be reviewed. The object ; 
plane scanner (Hughes) uses the Ritchey-Chretien optical design with approximately 20^- ^ 

i central obscuration of the entrance pupil by the secondary mirror. It is relatively 


straightforward to design a compact instrument around this optically symmetric system, ! 

Very good raraxial optical performance out to a large fraction of a milliradian is 
available a? instantaneous field coverage of the so-called stripe (15 to 60 detectors In 
an array along flight direction). The use of the object field scan mirror makes it un- 
i j^ecessary 10 go beyond the paraxial coverage. (Fig. ^-l4a) | 

j 
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The two image plane scanners (Honeywell and TE) make special use of the uncorrected 
spherical focal surface of a purely spherical primary mirror. These spherical surfaces 
are concave away from the. primary mirror and thus provide a natural match to a rotary 
scan mechanism mounted behind the focal plane. By proper scaling, the scanner can be 
made to scan the image plane concentrically resulting in an output signal which is tem- 
porally linear with respect to a flat object plane. Once the exact altitude of the EOS 
spacecraft is known, the scaling can be adjusted to compensate for earth curvature as 
well. This would result in a perfect output signal with regard to the temporal position 
of the data versus its true earth position (assuming no pointing error), 

! 

The Honer^ell scheme uses an off-axis, and, therefore, conical scan to pick off a 
zonal annulus of the sphere. The Te approach picks off a great circle annulus through the 
intersection of the main axis with the sphere. Because of the complete lack of an actual 
axis of symmetry in the spherical mirror it is still possible to correct to paraxial 
tolerances for either the Honeywell or Te approach. The aft-Schmidt approach of a cor- 
rector mirror following the first focus is used in both cases. However, in the Te case an 
entrance pupil immobilization device (the ICC) preserves the entire geometry of paraxial 
correction, whereas it is only approximated in the Honeywell approach. Consequently, the 
entrance pupil of the Honeywell instrument oscillates in position with scan angle, 

' whereas the Te instrument pupil does not. 

good idea of utilisation of pupil can be gleared from the entrance pupil cut- 
lines shown in Fig. U-l4b ENTmNCE PUPILS. The rocking action of the Honeywell pupil Is 
I illustrated in terms of the extreme scan positions. 
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Fig. U-l4a Entrance Pupils 
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E-18 Fig. U-lUb Entrance Pupils 
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This motion gives rise to a« excess projected area requirement of 30/. or 

more vSiich is reflected in added ^ight and. volimie of the instrument. In all 

cases there is fixed obscuration, central in the case of the Hughes and assym- 
metric in the Te. barge fixed obscuration tends toward an inefficient packaging, 
partly due to the fact that it is not possible to realize all the light -gathering 
potential associated with a given f/number of optics. 

Balanced against this trend toward inefficiency in the Honeywell package is 
the cc^actness of the scan wheel cca^ared to the bulk of the Te scan wheel. 

The bulk and weight of the scan mechanism in the Hughes scanner also catpares 
unfavorably with the ccorpactness of the Honeywell scan wheel, but the effect 
here is far over-balanced by the optical efficiency of the Hughes package. 

T^irther revision of design by Te related to a lower f/n^rnber primary ^ 
mirror and changes in scan wheel placemen resulted in a less efficient-looking 

pi^il as shown in Figure ^-15. 

The eleotromeohanical HRH design problem called forth the supreme effort 
on the part of all to conserve weight to the point where the instrument could 
be considered for Delta launch. This effort reflected back into revised esti- 
mates of Thematic Mapper weight and configuration which were fomalized by Te , 
and to a certain extent by Hughes, but not by HoneyweU Radiation Center. 

The efforts to conserve weight in TO or H3PI (or both have taken the 
following forms: 

1. Proposed substitution of beryllium optics for some glass 
reflective optics. 

2. Structural light -weighting with some changes in materials 
possible. 

3. Proposed increased efficiency in visual and neax-IR silicon 
detectors through new detector and preamplifier technology 
and through proposed cooling of both to 200 K. 
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The original Honeyvrell Themtic MaDper Point Design referred variously to 
weights of 600 Ihs (specified limt) and A 50 lbs. We have been Informed by 
Honeyifell that an extensive study of ll^t-weight possibilities was made very 
early in the EOS program based on the breadboard design. It is stated that 
the situation then, as now, is that the Thematic Mapper could be a 350 lb. 
instrument with all beryllium optics, for example, as well as certain other 
light-weight structural modifications. The question as to why it was not 
proposed formally as such is answered in terms of ^ding .primarily, but also 

in terms of lead time. 


to a similar vein the Te Coitrpany has reviewed the Thematic Mapper Point 
Design and ccme up with a much lighter weight arrangement with' no offset point- 
ing capability, a different orientation (see Fig. 4-l6), an increased detective 
efficiency based very largely on the use of a special cooled silicon photodiode 

detector combined with a cooled preamplifier of special design. 

This latter suggestion on the part ol' the Te Company deserves special atten- 
tion since the extra burden of cooling the silicon detector arrays and associated 
preamplifiers to,200“K is fairly trivial. The Te Company has issued a formal 
report on the subject (previously referenced) entitled DETECTOR AND INPUT FET 
CHARACTERISTICS AT REDUCED TEMPERATURE. It is based upon laboratory tests of 
the British TI BE 803 FET used with a UDT silicon photodiode. It is largely 
on the basis of the resultant gain in signal -to-noise ratio over a 300°K ^ ^ 

detector-preamplifier that Te proposes lower collecting areas for the specified 
signal-to-noise ratio in the various spectral bands for the silicon de eotor. 

The improvement can be discussed using data provided by Te for the HRPI design. 
It is to be noted. that the other sources of noise do not greatly exceed 
the so-called -photon noise" which is actually noise inherent , in the 


signal. For the ."photon noise" limited case the signal-to-: 
is a function of the square root of the aperture area, where; 
electronic noise- limited case it is a function directly., of t: 
The actual case may be intermediate. 

— I 

noise ratio 
as for the 
he area. 
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Tattle 3 intimateG a gain in signal-to-noise ratio of 1.6 by cooling to 
200"K. The gain due to changing to the parallel BF 805 FET in the first place 
seems larger, about 2.^.- Assuming that this special combination of detectors, 
electronics and cooling provides a 3:1 gain in signal-to-noise ratio the im- 
plication on sizing of collector aperture is that a collecting area between 33‘?^| 
and 6C^ of the originally proposed area should be adequate. Assuming that the ■ 
figure is about 50 ^o the linear diameter or comparable dimension would only need 
to be 70fo of the original. This type of analysis is one input to the . evolution 
of "scaling factors" which Te has proposed to apply to the original Point Design. 
Another input is the effect of decrease in altitude, e.g. frcan 915 Km to 700 Km. 
Figure 22 Scanner Size vs Altitude is reproduced from a Te document. The scale 
factor applies to linear dimensions and Table 4 also reproduced from the same 
Te document indicates that only 4^0 CM^ collecting area is needed at the original 
914 Km altitude compared to a scale 1.0 value of 8 OO CNp , At the lower altitude 
of 700 Km the required collecting area comes down to 293 which according to 
another Te tabulation is that of a Thematic Mapper weighing less than 300 lbs. 

These analyses axe not regarded as yielding anything better than an "educated 
guess" at this time. Figure 4-17 TOTAL SYSTEM WEIGHT AS FUNCTION OF SCALE FACTOR 
is also reproduced from Te with the thought that the weights shown for a scale 
factor of 1.0 may actually be more representative of probable achievement. 

It should be obvious that any technological breakthrough of appreciable 
magnitude in this area will be used by other instrument designers competitive 
to Te; and that the advantage, if realized, is transitory. The Te Company is to 
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Table 3 TM Optimized Scale Factor 


A (Scale = D - 800 cm 
c 


h (km^ 

600 

700 

717 

800 

900 

1000 

1100 


. 2 , 
A (cm ) 
c 

249 . 

293 

311 

323 

336 

364 

371 


Scale Factor 


.558 

.605 

„623 

.635 

,648 

.675 

.681 


4-82 





RRU!* 

TRADE STUDY REPORT 


I n i.t. 


II'JSTEUMEUT DESIGN RE-EVALUATIOW BASED 
ON II^TRUMENT SUPPORT CONTRACTS 


TKADt: STUDY WLl'ODT 
NO. 


WDS NUMI'f.f< 


be credited vdth considerable initiative in the exploration of this area of 

ijnprovement . ‘ 

In conversation with Te it develops that the application of similar electronic 
and cooling design to the near infrared and thermal infrared spectral channels 
of the Thematic Mapper show promise of substantial, but less dramatic, improvement 
of signal-to-noise ratios at given aperture sizes, 

Signal-to-noise problems encountered by Hughes in the design of the electro- 
mechanical HRPI were solved by the use of a mosaic of 270 CCD detectors, l8 in 
stripe height and 15 detectors along each scan line direction. These detectors 
are used in a time-delayed integration mode thus markedly reducing the noise 


bandwidth, Honeywell Radiation Center decided tD increase the number of 
detectors to 80 per-band (stripe height) and to substitute photovoltaic 
detectors for reverse' biased photodiodes. 

•It Is not felt that the CCD technology has been proven completely adequate 
at this time for radicoietric work. It should be noted that it is considered 
necessary hy Hughes to insert a 300 electron ar ;ificial bias (The fat zero) to' overcon-r 
noise. It is equally true that the new detectoi -preamplifier technology proposed j 
by Te must be objectively examined. 

The general previous and current progress ir solid state detector technology, 
particularly in silicon, seems to obviate the need for the use of photomultiplier 
tubes with the complications of high voltage. I hotomultiplier tubes still main- 


tain ah edge in performance in the "visual” banc.s (l, 2 and 3) since they are 
photoelectron-noise limited. Since quantum yield as well as dark current are 
important factors and the quantum yield in band ^ is much better for' silicon 
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detector, the silicon bolds the edge in band 4. It is believed that silicon 
cc^actness and reliability are factors of sufficient weight to actually nupplant 

all the photomultiplr.ers. 


Scan-Hon Lineaxit^ aJid It s Consequences_ 

One of the chief criticisms of the a«hes M Point Design has been the double 

non-linearity of scan angle with time - one linearity function for trace and 
another for re-trace. Statements made by Hughes representatives and reproduced 


I 


1 


in this report under the Bupport Bummary have been to the effect that this non- 
linearity can be removed completely to all practical purposes by a mechanical 
design modification. This must be proven in hardware, of course. The Te Company 
has emphasized the issue of exacting scan angle linearity with time in the interest 
of reducing ground processing, providing good quick maps to .LCDS and reducing the 
overhead burden, in the data link. In theory the Te scan principle of the roof 
wheel achieves excellent linearity. If non-linearities do ensue in spite of 
theory it would be because of inability to maintain the exacting alignment 
of components called for. Again the situation cannot be completely clarified 

without thorough (including environmental) testing. 

The Honeywell Radiation Center lays claim to a very uniform conical scan, 
but it is not linear in the ordinary sense. The impact on data processing has, 
been further examined by this company as represented in a report entitled CORRECTION 
TO CONICAL SCAN DATA USING A LOW COST GROUND STATION, included in the Support 
Sunsnary. It is very difficult to assess the impact of conical scan on processing 


of HRPI offset pointing data- However, a rather subjective judgment at this time 
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is that it is not practical when considered against more viable alternatives 
in the Pushbrocm HBPI or other HRPI designs. 

Scan Rate Ad, iust ability 

The Te Company has been a long-stahdlng advocate of in-orbit scan rate adjust- 
ment for purposes of accommodating to the oblateness of the earth and to errors 
in altitude to injection or orbit adjust. Investigation into the latter orbital 
errors seems to indicate a very small error, not worth serious concern, unless 
there is a failure of some Kind. Ixwestigation into earth oblateness errors is 
based on the well-confirmed flattening of 1/298.5. Figure l*-l8 shows the effect 
over the COIiUS latitudes of interest. The angular rate (v/h) value derived for 
a mid-corns latitude will not be more than ± l/2^o in error for COHUS latitude 
extremes. Design for use of IM and HRPI over the whole earth would dictate 
attention to the point. Considering the need for bench adjustment to suit 
fabrication tolerances ammd possible in-orbit adjustment for partial failures, 

it is deemed worthwhile in the TM to add the capability, however. 

to the HRPI with extensive offset pointing, the maintenance of a constant scan 
rate mil generate overlap an^ wasted transmitted Infomation an well as exten- 
sive correction at LCGS without adequate facilities. The growth of the ground 
resolution element with offset pointing is illustrated in Fig. U-19 for both the 
along scan and cross-scan directions. The growth across scan (so-called low-tie 

effect) results in overlap between stripes. 

A growth of 25% (to 1.25) results in an overlap between stripes of 4 IFOV 

for 16 detectors per stripe and 20 IFOV for 80 defectors per stripe. In compari- 
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of only .4 IFCfV for 80 detectors. With proper setting of rate of scan as ai\ind±)n of 
offset angle the HRPI maps should "be directly useful to LOGS although still con- 


taining distortion. 

The Te Company has presented its closed-loop servo control of the scan wheel 
in both TM and HRPI Point Designs. The Honeywell Conical Scanner also has 
similar potential. However, the use of the conical scan concept for HRPI 
will not be simplified so easily for the production of useful LOGS maps. 

The Hughes Aircraft Co. has not presented in any detail in the Point 
Designs for HRPI or for TM the mechanism for scan rate control of the oscillating 
mirror. However, it is understood that formal documentation of a support effort 
on this matter is being prepared. In the meantime attention is called to our 
support summary q,uoting Hughes as saying that it is technically feasible over 
the rates reciuired without serious impact on scan linearization. 

One consequence of incorporating an adjustable scan rate in the TM and 
HRPI designs is that it permits flexibility in the choice of orbit altitudes. 

If the advantages of a change in altitude become apparent after the fabrication 
is started the change is still practical. 

Scan Efficiency and Buffering for Spooling) 

The only scan technique which can yield a perfect (or lOOfo) duty cycle is 
the electronic scan (e.g. pushbroom) . The duty cycle in the MSS is about 45'?^ 
because the scan mirror is not used in re-trace to generate data. This low 
duty cycle has the effect of adding communications burden in terms of' peal? bit 
rate. On the proposed Hughes TM and HRPI the use of re-trace will bring the 
duty cycle to about Since the residual 15 % is not fully required for over- 
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head the peak hit rate coyld be reduced by bixETerinfj;. 

The Honeywell S-192 scanner on SKYIAB constitutes a space precedent fcr 
the use of buffering for this purpose. Honeywell has not proposed it for the 
TM or HRPI Point Designs because it appeared unnecessary under the development 

guidelines. 

The Te' Company has difficulty reaching even jhi with the roof wheel 
approach. It turns out that a more conpact package can be designed by 
sacrificing scan efficiency. Buffering assumes more Importance in this case. 
Therefore, the Te Ccmpany has treated the subject more than Hughes or Honeywell. 

Fig. ^“20 is reproduced from the Te HRPI Point Design Report. It shows the use 
of integrated circuit raijdom access memory modules for simultaneous read-in 
and read-out. Under the support arrangement Te was asked for' an estimate of 
weight and power for TM and HRPI. The answer (by. telephone, to 'be confirmed) 
was that 25 lbs, 35 In.^ and 6 watts form the logistics for a C-MOS System. 

Costs are admitted to be high. 

The Honeywell Radiation Center was also queried on this point in view of 
SKYLAB experience. A preliminary estimate on weight alone was 30 lbs. A 
point on reliability was made by Honeywell because of the large number of parallel 
lines required (as evident from the Te schematic). 


In all fairness the "compact" Te designs should probably consider an extra 
30 lbs for "buffering (or spooling as it is called by Te). However, a very 
beneficial effect would ensue for the comniunications and data system in general 
if this buffering were to apply to all designs. 
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Fig. 4-20 Spooling Schematic (TE) Adapted to Photogrammetr 
Processing 
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sm of Scan Control and Data Flow with System Clock 


With fixed scan rate there is minimum difficulty in synchronizing with the 

system clock, although the clock frequencies usually mentioned are not high enough | 

to provide direct control of the A to D conversion. The exactitude 

of scan 


control required necessitates a high quality frequency converter and finii looking 
to the master clock dictates common harmonic- relationships for looking comparison 
at discrete frequencies. Variable rate control, as advocated particularly for 
HRPI, carries the implication that this locking at discrete frequencies may 
■become a substantial task. 

The Te Craiipany has been the advocate of adjustable scan rate and Fig. 4-21 
is reproduced from the Te HRPI Point Design to illustrate the modified phase- 
lock loop which was proposed. It will be noted that there is no closed loop 
shown with the master clock itself in respect to the frequency multiplier. 

The importance of the locking probably depends strongly on the reliability 
of the "frequency multiplier". It is apparent also that the change in scan rate 
control may upset the relationship between the output of the scanner and the 
"MOMS" control of A - to D conversion and multiplexing. This is particularly 
true for the I-JRPI where we may be dealing with the possibility of a 2/3 nadir 
scan rate at extremes of offset. 

No sch^atic of this adjustable rate control is presently available from 
Hughes, although the matter has been discussed on the telephone. As presently 
understood HToghes is proposing essentially open-loop control of the scan mirror 
sijsply by furnishing a variable pulse rate to the usual mirror control mechanism. 
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Fig. 4-21 Schematic of Riase-Lock Loop Control (TE) with Added 
Feedback to Master Clock 
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Presently Hughes has no continuous encoder to propose (in line with the optical 
encoder on the Te scan wheel) although the statement is made that one is under 
development. On the other hand it is understood that Hughes is proposing essen- 
tially closed loop control of frequency changing by providing harmonically related 

pTolses for feedback conrparison to the master clock. 

The matter of how tc handle the correlation of A - to D conversion with the 
variable scan rate has been discussed vith the Te Coiirpany, and a possibly viable 
suggestion ensued. If the number of saarples per specified angular IFOV in the 
analog data is allowed to vary in inverse proportion to the scan rate a fixed 
frequency of conversion can be used for both TM and HRPI, and therefore, a fixed 
i frequency interface with ’’MOMS" can be preserved. Put another way this means 

I a variable angular "pixel” size along the scan direction. However, the variability 

for the -m would be minimal since it is not anticipated that ordinary circumstances 
(e.g., good orbit control) would necessitate changing TM scan rate, For example 
this co-old be designed and held very close to 30 meters resolution at any given 
altitude. The variability normally expected for HRPI, however, would resTat in a 
variable sampling angle projected on the ground as a function of offset angle. 

Up to 1.5 samples per HRPI IFOV angle would result at 45^ offset. This could be 
used in the direction of preserving cross track (along scan), ground resolution 
at the expense of signal -to-noise ratio for each sample, although not affecting 
the overall signal-to-hoise level for the radicmetrie map as re-constltuted on 

the ground. 


The buffering system shown in Fig. 4-20 ^as designed for filling gaps in 
each scan cycle rather than providing storage to accommodate changes in the 


... 



prepareoby Haliock/j. Halajlan 

GROUP NUMBER ft NAME 

DATE 

CHANGE 

LETTER 





REVISION D*TE 

approved by 



PAGE 4-93 


TRADfl STUDY RF.PORT 
NO. 


w 0S number 





rfCKMALf^GO TO f^AOtfi. 



GRUMMAN 

trade study report 

M\nw TRADE STUDY REPORT 

TITLE 

INSTRUMEirr DESIGN RE-EVALUATION BASED 

ON INSTRUMENT SUPPORT CONTRACTS 

making it close to a "cube" package. The Honeywell HEPI proposal involves rota- 
ting all parts of the sensor exoeprt the primary mirror. Without rather exceptional 
pre-loaded beao:ings the focus would not remain constant at the detector plane. 
However, it is stated that tolerances can be held. The Westinghouse HRPI rotation 
as shown in this report is whole-sensor about the optical axis. 

- The possible advantages for the Te HEPI in this respect is the slewing speed. 
Without internal momentum compensation the mirror can be offset 1+5“ in 1.5 minutes 
without serious impact on the attitude control system. The angular read-out 
capability should he at least equal to any other although the Te HRPI Point Design 

does not describe the encodir^ process*. 
rha ThPinatic Mapper Radiative Cooler 

Originally the Hughes TM design alone gave comprehensive coverage of design 
of the radiative cooler. Honeywell Radiation Center proposal includes an A.D. 
Little radiative cooler at present. The Te Company originally treated the cooler 
as possibly GFE. Honeywell has supplied by short memorandum certain amplifying 
details including the sensitivity of performance to launch time-of-day. The Te 
company has supplied a design concept entitled THMATIC MAPPER RADIATIOH COOL^ 
^ich it is claimed will provide adequate detector cooling between 8 AM and 4 
PM orbits. Back -reflection of unwanted radiation and vignetting baffles are 
utilized to maximum advantage. Analysis of the presence of solar arrays xn 
the field must be performed, but as yet has not been accomplished. The design 

concept appears to be ii£ 5 >ortant. 


The Pushbrocm HRPI - Fig- '*-23 shows a hypothetical Pushbroom HEPI in a whole 
sensor gimballing configuration for offset pointing. The resemblance to the 
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" packaging of -bhe Hughes HHPI in a cradle is purposel'ul at this tme since"^ 


estimate is on hand for this type of mount and control of a similar package. 

After discussion with Westinghouse a weight estimate of 2^0 Ihs for the sensor 
iE Offered. The sensor Includes a fixed 45° diagonal mirror as shown. Using 
the Hughes estimate (approximately) of 70 lbs for the cradle structure and 
drive a total of 320 lbs is arrived at. As nearly as we can determine at this 
time the scanner will offer slgnal-to-noise ratios which are equal to, or slightly 
better, than the electromechanical HRPI configi ration shown by Hughes, which is 
also based upon self -scanned arrays although CCD-type in the Hughes design and 

digital -type in the Westin.ghouse design. 

It is of interest to compare the use of these arrays in the pushbroom and 

electromechanical scanner. At a rate of 6790 meters/sec the 10 meter ground 
element is traversed in 1.48 milliseconds. In order to avoid impairment of 
MTP by convolution with image smear MTF the integration period may be 
restricted to .15 milliseconds. For a 4800 detector array with stripe rate 
adjusted for contiguity the noise bandwidth would be the same for 480 detectors 

working full time. This compaxes to 270 detectors in the Hughes CCD matrix of 

the delayed Integration HP.PI scheme. Assuming ecuality in performance between 
the Hughes CCD matrix and the Westinghouse arrtySjtle signal -to-noise ratio for 
equivalent optical performance should be slightly better for the Westinghouse 
pushbroom. A ccmiparison has not been atteraptec, but could be performed on the 
basis of the optics of the Westinghouse Point leslgr . 

On the basis of data furnished by Westinghc use , however, it appears that 
noise superiority cannot be claimed by Westinghouse over the Hughes CCD detectors , 
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However, -there are probably inherent spectral uniformity advantages in 

the V^estinghouse-typc- detectors as. illustrated in Fig. 4-24. The Westinghouse 
1 

data on their arrays has been reported as follows: 

In Band 1 ( . 5 ^nn to ,6 jum) the input to cells .0009 in. x .000? in. required 

2 

to equal noise level in HRPI operation is 1.3 micro joules/meter . At a quantum 
yield of 6 photoelectrons per 10 nhotons this is equivalent to saying that the 
charge input to equal noise is 67O electrons. 

Wide Swath Thematic MaPPers 

While no formal documentation is available at this time to Grumman, efforts 
have been followed with Hughes, Honeywell and Te to arrive at TM configurations 
for 300 Kirj to 500 Km, swath. The results seem to be about as follows: 

As indicated previously in this report, the Hughes Object llane Scanner m 
approach lends itself to wide angle scan easiest of all. For coverage of 320 
Km the TM + 7.5“ mast be. enlarged to + 13.2“ referred to nadir. To cover 500 Km 
the angle must be still further enlarged to + 20°. The angular excursion of the 
scan mirror remains at rea.sonably modest values of i 6.6° for 320 Km and + 10° 
for 500 Km. V/ithout changing the number of detectors per stripe height the noise 
■bandwidth increases by a factor of about 1.8 for 320 Km and about 2.7 for 5OO 
Km. If the number of detectors is changed in these proportions, respectively, the 
noise bandwidth stays the same and the system performs as well as the Point Design 
TM. The mirror control, including linearization of scan, is not beyond the technical 
bounds already considered by Hughes, including necessary changes, if. any, in mirror 
oscillation^ rate. 
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The Honeywell effort to reconfigure within the 36 " x 72" TM envelope for 
500 Kin, 30 meter resolution proved unsuccessful, it is understood a 6 OO Ih 
instrument capable of 50 meter resolutions within this envelope appears to be 
possible . 

Te Conipany has advised that a new design concept for utilization of the 

roof wheel was evolved. This includes use of double entrance pupil. In each 

pupil half a portion of the diagonal mirror is located. The portion in one 

pupil is oriented at a slight angle of inclination to that in the other half. 

This feature, is said to enable the scanner to splice together two separate 
swaths, one coming from each pnpll half. It is precicted by Te that the 30 meter 
resolution over 1+90 Km swath could be accorapl: shed about 500 lbs . weight and 
within an envelope of 1*0 in. x 36 in. x 72 in. Th< orientation must be similar 

to enable incorporation .of the diagonal mirror. The capability of perfor- 
mance within this limited envelop depends, strictly on the achievement of 
close to photo-electron noise limited performance from cooled silicon 
photodiodes and cooled parallel/FET preamplifiers. 
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There is a design tiade to be made with regard to the method of spectral 
sand separation. In all three TM point designs, the thermal band (?) is 
separated spatially in the focal plane from the other bands. Beyond this 

point, there are basic differences. 

The Honeywell design employs a spectrometer behind a single aperture 
stop to generate signals for bands 1-6 which are all in perfect registration. 

The Hughes design employs a relatively small assembly of prisms and 
apertures in a single mask to provide a fixed spatial separation which can 
easily be accounted for in later data processing. Hughes, as a result of 
their HRPI point design efforts, has also proposed the use of a single 
photo-detector assembly for bands 1-4 which would be fabricated on a single 
integrated circuit substrate resulting in minimal mechanical complexity and 
excellent long term registration. Furthermore, the design provides a charge 
coupled- device (CCB) of about l8 elements in place of each individual detector 
of the conventional design. These individual elements are illuminated in 
setjuence by a given ground element and by accumulating the charge generated 
from each element related to a given ground element by time delay integration 
(TBI) a gain In S/N of about 4x is obtained. 

The Te design employs a spectrometer similar to Honeywell. 

Frcxn both a mechanical complexity and long term stability point of view, 
the TE design appears least desirable. 
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The Te and Honeywell designs are clear;iy superior from the stability ot 
registration point of view, 

me Hughes design offers besides simplicity and good long term stability, 
STOwt'n potential through the introduction of CCD/TDI array at the focal plane 
to provide increased instrument sensitivity. An area of considerable concern as 
a result of the point designs, there is a general belief that higher S/N ratios, 
should have been required at the low irradiance limits specified to the point 
design contractors. The CCD/TDI technique could easily provide this. 

E. .U.2.4.2 Comparative Evaluation of TM 

Fi^es 4-25 through 4-2? illustrate the three W configurations 
examined in greatest detail ■ (several earlier designs are obsolete). The Hughes 
version shown is a alternative of their HRPI c.esign. It employs a folding arrange- 
ment which leaves the main telescope aligned to the flight vector. 

The Honeywell unit also exhibits this overall alignment. These designs 
were carried forward to allow interchangabiliiy in the spacecraft design until 
actual acquisition of one design as the flight instrument freezes the configuration. 

The TE design employs a transverse package which may be difficult to get 
onto a Delta launch vehicle when finally developed. Therefore, packaging of this 

unit in our spacecraft designs was not stressed. 

None of these versions include mechanical offset pointing but emphasizes 
lowest -weisht achievable within the specification. 
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Figure 4-28 illustrates the expected Instrument weights as furnished to us 
by the vendors (under ’a variety of conflicting ground rules involving flight weight 
options, titanium vs aluminum structure and the uses of INVAR) and our estimate 
of the weights to be expected of the units without incurring large cost penalties. 
The trends clearly show the weight growth with altitude and the advantage of 
the object plane scanner at lower altitudes where a wider scan angle is required. 

At the 680 KM altitude, all of the instrument types could be flown on the' Delta. 
Figure 4-29 attempts to estimate the relative cost of the various 
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Fig. ^-25 Hughes (Axial) TM 
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Pig. i |-26 Honeywell Thematic Mapper 







E-29 Fig. 4-^8 Anticipated 185KM Tlil Weight as Function Of Altitude 
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Fig . 4-29 Anticipated intrinsic Cost — Oiffulty Trends For 185 KM TM 
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instruments based on their current state of development and the relative difficulty 
of the design. 

Figure U-30 ' exhibits the significant improvement in sensor performance 

achieved in the TE design throiigh cooling of the detectors in the visual band. This | 

1 

feature is employable in all of the designs and has been assumed in all other 
considerations. 

• I 

Figure 4-31 considers what is probably the second most irapor bant trade i 

j 

(after weight vs altitude) 5.n the instrument area. The utility of the TM improves : 
rapidly with swath width, particularly in the absence of the HRPI on early flights. i 
Shorter repeat cycles are the principle advantage with more timely stereo coverage j 
being bonus. Note the significant advantage of the object plane scanner in this 

area. 

E, 4, 2, 4, 3 Ccmparative Evaluation of HRPI 

Figure 4-3,2 through 4-36 illustrate the various HRPI configurations 
supplied as a result of tne point design and support contract efforts. 

The Hughes design is identical physically to their TM design except' for 
elimination of the cooler outer cone. The unit is giroballed about its roll axis 
by means of a towel rack which is integrated into- the vehicle support structure. 

The Honeywell design is also virtually identical externally, except for a , 
larger aperture on the nadir side,. This is needed to accomodate the internally ro- 
tating telescope used to obtain offset. This design employs about 60% commonality 
with the corresponding TM design. 

The TE design is basically the same as the TM physically except for the 
addition of the pointing mirror and consequent rotation of the package 90 ^ on the 
spacecraft (an interface cost penalty). j 
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E-32 Fig . 4-3i Anticipated Growth of TM Weight with Swath Width for 30M Resolution 

at 630 KM Altitude 
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Fig. i|-32 Hughes HRPI 
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The Westinghouse pushhroora all electronic HRPI is expected to take the 
form illustrated i.e, using an external axle to rotate the entire package. The 

similarity to the Hughes package is large. 

Note that three of the four designs can be considered physically inter- 
changable as far as the spacecraft accomodations are concerned. Only the TE 

package is unique. , . _ 

"Figure h -37 illustrates the expected weights for these various designs 

as a function of altitude {+30° scan), here again the object plane scanner approach 
is the lightest of the electro-mechanical units, only the pushhroom HRPI would be 
lighter, and simpler. 

Figure V- 38 provides a course indication of costs for several of the 
designs based on data supplied to us. It would be expected that the Honeywell 
design would fall between the Hughes and Te approaches. 

All of these designs could be employed on the Delta vehicle at the 68O Km 

altitude. ^ 

E. At. 2. 5 Preferred Baseline Design 


Many considerations must be evaluated in defining a preferred point design and 
several levels of definition are involved. 

During the course of this study, several point designs evolved which are signi- 
ficantly different from those specified in the original work statement. Furthermore, 
the requirements of the program eagianded particularly with regard to ground coverage 
(500 Km vs 185 Km). 
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Fig ^-36 Anticipated Cost-Difficulty Trends for HRPI 
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The preferred point design configuration is based primarily on the following 
considerations : 

1. Overall instrument capability 

2. Performance growth 

3. previous hardware qualification 
Development risk 

5. Simplicity of interfaces 

6. Compatibility with mission options 
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The preferred configuration for both the TM' and the HRPI is an on-axis 
telescope design with the optical axis parallel to both the flight and lauch 
vectors employing an object plane scanner based on a nodding mirror. 

The preferred aperture for the 680 Km orbit is U0,5 cm to make maximum 
use of similar design hardware and to insure adequate S/N ratio performance 
with solid state 'detector technology. 

The preferred mechanical design of the HRPI (Figure 4-46) consists of an 
L-shaped cylindrical package mounted on an axle at the CG providing pointing 
perpendicular to the flight vector of up to +40° when required. The support 

of 'the axle at one end includes momentum compensation mechanism as well, 
as a redundant indexing mechanism capable' of providing 2 'increment pointing 
and a maximum time to point of twenty (20 ) seconds Including any settling time 



This configuration is shown in Figure 4-39 wherein the supporting framework 
is attached through latches to the vehicle i^en required for resupply purposes, 
and provides moimting area for the necessary electronics packages. 

Figure 4-4o illustrates the preferred TM design, which is the same as for 
the HRPI with t\ro principle exceptions: 

1. The axle is omitted and the package is supported at the space- 
craft end by a single thrust pad at the axle (CG) location and 
by two points at opposite sides of the opposite end in a deter- 
minate configuration. . 

2. A low tenperatvire cooler, 100“K, is provided to provide the 
necessary operating teurperature for the thermal detectors. 

The size and weight of the TM with respect to the spacecraft, and the 
criticality of optical alignment internal to the telescope and with respect 
to the vehicle indicate a three point mounting of the instrument different 
from that called out in the point design specifications is desirable. A larger 
separation between the mounting points is desirable from both an alignment 
and vibration point of view. Elimination of struct\u'al stresses induced into 
the instrument calls for a determinate mount, a configuration in which no 
stresses can be introduced into the instrument from its mounting structure. 

The preferred design also has provision for mounting and aligning 
a fixed head star tracker directly on the TM. By enploying such a configuration, 
it is possible to uncouple the vehicles structural stability from the instnmient 
pointing accuracy equation without causing any operational or other design 
difficulties, particularly if the star tracker ccanmunicates with the on board 
computer by means of the TM telemetry and command encoder. 
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Fig. Preferred TM 



E, 4 . 2.6 Optimized TM Configuration 

During the preceding evaluation’s, it became quite clear that the baseline 
TM performance -was underutilized from the system point of view, scanning as it 
was only a ^5*5^ field at 915 kilometers altitude-. 

As the system design progressed, the optimum altitude was lowered to • 

680' kilometers resulting in a scan angle of for a fixed I85 kilometer 

swath wdith. This angle began to challenge the image plane scanners but had 
little effect on the object plane scanner. 

In fact the object plane scanner mirror was only nutating over one half 
this angle or ^ 3 . 9 °, an almost un-noticeable range. Clearly the utility of 
the. design could be raised considerably by increasing the scan angle. This 
would provide three things : 

1 . More timely coverage of a wider area, 

2 . A higher repeat- frequency for a single vehicle system at a ' 
given altitude. 

3. A shorter time before revisit in the CONUS latitudes. 

In addition a greater degree of stereo coverage would be available in a given 
time interval for when the ground processing system begins trying will produce 
maps of area of rough terrain where local ground elevations will be needed., 

4 . 2 , 6.1 Swath Width 

As shown in the orbit altitude studies, the next logical swath width was found 
to be 330 kilometers, +13,7°. For the object plane scanner this angle 
(the mirror operates at one-half of it) is still small and there is. a negligible 
weight or size growth to provide this capability. What is involved is a minor 
change in the stray light baffle and a 12cm increase in the distance from the 
main telescope to the scanning mirror, as shown in Figure 4 - 4 l. 
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The increase in s-wath width at the sajne ground resolution does involve a 
growth in output data rate and a worsening of the bow-tie problem. 

I 

The data rate required is now handled by employing more detectors. During 
the early EOS missions where a HRPI is not planned to be carried anyway a regrouping 
of the data interface is used to accommodate the higher data rate over the same data 
link. In this case, bands 1 to 4 are transmitted at a total data rate of about 

I ' 

70 megabits/second bn the in-phase channel of the quadraphase transmitter and . 
channels 5 to 7 and the synchronization and housekeeping data also at a total data 
rate of 70 megabits/sec, are transmitted on the quadrat\ire channel. 

The' bow-tie effect is still well within. reason as shown in Fig, 4-42, amounting 
to an overlap of less than 6 meters at the edge of the field compared to contiguous 
coverage in the center, ^ 

The use of additional detector calls in an optimized scanner leaves the scan 
mirror velocity unchanged and the scan angle increased resulting in a lower scan 
mirror frequency. This frequency would be approximately 2/3 of the baseline fre- 
quency or about 5-3/4 cycles per second. No significant difficulties are expected 
in system design due to this lower scan frequency, in fact most of the pertinent 
distortions and vibrations are reduced with a reduction in scan frequency. 

The effect of the atmospheric path is still negligible for scan angle 
change from + 7.7° to + 13.7° and no correction for sun angle change within the 
scanned swath is deemed necessary. 

Therefore an optimized TM for the EOS mission is characterized as a I6" 
aperture object plane scanner aligned with the telescope parallel to the flight 
vector, weighing approximately 350 pounds, and scanning a + 13.7° field. The 
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Fig. h-h2 TM Stripe Comparison 
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unit provides a total output data rate of ikO megabits per second divided into 
ei^t channels, one for each of the spectral bands plus a synchronization channel, 
When flown at 680 nautical miles, the unit provides a 30 meters ground 
resolution at the signal to noise ratio and radiance levels of the point design 
spedification. 
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4. 2. 6. 2 MSS + HRPI EMULATION 

During the early EOS missions, there is a need to provide a backup for the 

1 

operational MSS. Furthermore, it would be useful to evaltiate the desirability of 
the HRPI concept. The advanced TM developed above along with the on-board data 
processing equiimient related to the LOGS provides a unique capability in this area. 

By proper selection of the data output options from the instrument and data 
processor, the following capabilities can be achieved. 

1. A complete and faithful emulation of the 5 band MSB, (either 
standard or wide format) for transmission to EOI, 

2. A pseudo HRPI signal providing a 30 meter resolution over a 
continuously selectable 35 kilometer swath of the total 330 
kilometer field of view. 

3. The prescribed selection of LOGS outputs. 

Any one of these signals can be made available at the data processor output 
simultaneously with the normal 30 meter resolution output. They would be trans- 
mitted over the LOGS data link to DOI or other user as appropriate. 

Thus a full MSS backup and a pseudo-HRPI capability are achieved at minimum 
cost and complexity. 

When flown at 680 Km altitude, it is currently planned to maintain the 
MSS resolution at 80 meters IFOV in order to maintain the output data rate and 
ground data formatting unchanged. Using the current 1.5:1 sample ratio on the 
MSS, a system field of view of 100 meters is obtained for the MSS at an in scan 
sajmple size of 5^ meters. 

If the TM specification is adjusted only slightly, to a £.ample size of 27 
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meters instead of 30 meters, and the detector cell size increased proportionately, 
th^ TM -will still provide a system FOV of 37 meters -vdiile delivering an output 
data stream which can easily be processed to emulate an MSS. 

Specifically, every pair of samples from the TM would be summed and divided 
by ^ to obtain the appropriate along scan sample size and then the values obtained 
from each group of three detector cells would be summed and divided by 3 to provide 
an 80 meter sample in the cross scan direction, this is illustrated in Fig. 4-43 
(if 18 detectors are used in the TM, this results in a 6 detector equivalent output 
identical to the MSS>. The least significant bit of the 7 bit code of the TM 
is deleted to form the 6 bit MSS emulation code. 

As mentioned earlier, by employing an object plane scanner as the basic 
design, a HRPI can be obtained as a minor modification 'of a production TM. Such 
a change involves: 1. A change in the sensor array to achieve the desired 

resolution . 

2. A change in the scan mirror rate and scan angle. 
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Fig. 4-ii.3 TM-MSS Sampling Grid to Obtain MSS Emulation 
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3. Mounting of the entire unit on an axle 


4. Deletion of the passive, cooler for bands 5 through 7. 

I 

5, Minor reharnessing of the detector amplifier assembly. 

These changes can be acccorplished at a minor cost compared to a new instrument 
development if provided for in advance. 


4,2. 6. 3 Growth Potential 

As a product iirprovement during the life of the program, the object plane 
scanner offers two further features: 

1, The ability to incorporate short CCD arrays in the focal 
plane and employing delay integration ot achieve increased 
S/N ratio data or lower minimum radiance levels of about 
8 : 1 , 

2. The ability to incorporate long CCD or similar electronically 
scanned arrays in a pushbroom mode of operation by disabling 
the scan mirror. Assuming the state of the art is raised to 
that expected before inplementation, the expected performance 
improvement in minimum radiance level would exceed 100:1 over 
the individual detector approach. 

The conversion to a pushbroom instrument with the field of view of the 
HRPI (i 2®) would actually require replacement of the focal plane sensor package 
by . a new package including not only the pushbroom sensor circuitry but also a 
field corrector element to achieve adequate resolution (MTF) over the required 
field, Ther Ritchey-Chretian optical configuration, most likely to be used here, 
has on many occasions been corrected to achieve this field of view^at much higher 
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MTF than required here^for film camera applications. 

Alternately, if the above correction appeared too expensive, a Schmidt 

\ 

corrector assembly could be considered but this would probably require refiguring 
of the main optics. 

» 

4. 2. 6. 4 Summary 

In summary, an advanced TM has been defined which: 

1. Provides a 3;1 improvement is ground resolution over the 
ERTS program and a significantly better repeat frequency. 

2. Offers a utility and cost effectiveness of 3:1 or 
greater over the baseline 

3. Offers a complete MSS emulation in order to backup the 
MSS dwing early missions 

4. Offers a pseudo-HRPI output simultaneous with its noimal 
output for development of the HRPI concept and/or requirement. 

5. Can be modified in production to obtain a flight model HRPI 
at a nonrecurring cost of about the recurring cost of a TM. 

6. Offers a growth potential in minimum radiance requirement for 
adequate data quality of from 8:1 to 100:1, 

7. Can service a large variety of LOGS users with various 
output data formats. 
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Purpose : 

To determine the level of ACS pointing and stability accuracy and its asso- 
piated ground processing requir'ements which result in the lowest total program 
cost. 

SiimTnajy : 

The objective of the ACS/CPF(Attitude Control System/Central Processing _ 
Facility) tradeoff is to determine the performance requirements for the ACS which 
result in the lowest program cost,! where the program is a selected schedule of 
missions and the cost is computed for the ACS plus the CPF. 

ACS/CPF costs have been computed for a matrix of twelve combinations: four ACS 

performance requirements for each of three programs . 

For each of the three programs, the ACS performance requirements resulting in the 
lowest ACS/CPF cost was determined. 

Conclusions and Recotamendations : 

The ACS configurations resulting in lowest ACS/CPF cost over complete mission 
programs are the baseline (+ O'. 01 deg accuracy, +10“° deg/sec stability) and low- 
cost (+0.05 deg accuracy, + 5x10"° deg/sec stability). For the projected EOS 
Missions consisting of A (MSS, TM, DCS, EROS), A' (MSS, TM, DCS, EROS), B(TM, 

HRPI, DCS, EROS, C(2 TM, HRPI, SAR, DCS), D(SEABAT B), and E (TIROS O), the 
stipulated experiment pointing accuracy and stability requirements are 0.01 deg 
and 2 x 10“^ or 10“^ deg/sec, except for SEASAT B, which is either 0.01 or 0.1 
deg pointing accuracy. In addition, the requirements for synchronous altitude 
missions are expected to be more stringent than those at low altitudes; and the 
solar maximum and possibly other inertial -type missions could require 0.01 deg 
pointing accuracy and 10“^ deg/sec stability- Thus it is important to have as 
high a performance as possible to attain flexibility for meeting varying mission 
requirements, while simTiltaneously minimizing cost. Thus it is recommended that the 
baseline ACS configuration be used since a significant increase m flexibility 
is obtained at no additional cost. 
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Cost and Performance Data Summary ; 

The preferred ACS performance requirements as a function of discrete values of 
ACS/CPF program cost is given in the Table below. 


t 

PROGRAM 

ACS/CPF 
COST 
$ M 

PREFERRED ACS PERFORMANCE REQUIREMENTS | 

Attitude Accuracy 


Angular Rate Accuracy 
deg/sec 

1 

S.k 

+ 0.01 

+ 

10 -^ 

2 

20.2 





3 

40.9 






The curves of ACS/CPF cost versus ACS configuration are shown in Fig. 6-1, 

6.1 Assumptions 

• Three program mission models 

- Launch date, missions, and types of instruments. 

Three programs (low-cost, baseline, and expanded capabilities) for both a de- 
velopment phase ( 1979 ^ 1983 ) and an operational phase (1983-1990) were constructed 
and are summarized in Tables 6-1 and 2. The tables show the times at which a 
spacecraft is launched and its operation terminated, its mission, and the types of 
instruments aboard . 

- Instrument data rate and volume 

Tables 6-1 and 2 also show the data option used as designated by the letter 
A B or C and defined in Table 6-3- Each data option has the same instrument set, 
TM and HRPI. The variation in the data transmission results from the use of 
either Direct Data, Direct Data plus Wide Band Video Tape Recorder, or Direct 
Data plus transmission via the Telemetry Data Relay Satellite. 
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o Errors in ACo, Ephemeris, Inatriunent , Instrument/ACn Alignment, 

Earth Model, and Final Pixel Location 

Assumptions for errors are given in Table C-4, The final error 
for pixel location. is specified to attain temporal registration. 

The three sets of ACS errors describe the ACS performance requirements. 
Corresponding to each of the three ACS performance requirements and 
■to the fixed errors in ephemeris, earth model, and transfer alignment,^ 
there is a CPS -which is capable of achieving the specified pixel location 
error. 

6,2 ■ Configurations and. Costs for Tlxree Types of ACS -with Costs Computed 

ever the Three ProgramB 

Corresponding to the three ACS performance requirements as given in 
Table 6-U,, three ACS configurations were constructed as shown in 
Table .6-5- The hardware costs for the three ACS configurations 

are shown in Table 6-6 on a con^ionent and spacecraft basis. The 
manpower costs for these three ACS configurations are shown in Table 
6-7 , The hardware and manpower costs are combined as shown In 
Table 6-8. The number and type of spacecraft in the three types 
of spacecraft are shown in Table 6-9. Using Tables . 6-8 and 9 
the ACS program costs were coarputed and are summarized in Table 6-10. 

The results of Table. 6-10 ore plotted in Fig. '6-2. 

The ACS weights for three ACS conf iguratlons are given on a component 
basis in Table 6-11 and on a component and spacecraft basis in 
Table 6-12. The results 'of Tables 6-10 and -12 are plotted 
in Fig. 6-3 to relate ACS program costs to ACS hardware weight for 
the three programs and the three ACS configurations. 


6.3 Configurations and costs for three ground data 
processing fivRtPme eorresuonding to the th££fi 
types of ACS with costs conrputed over three 
programs 

6.3.1 Cost per scene for correcting thematic mapper imag es 
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The EOS (earth OBSERVATORY SATELLITE) Satellite will contain scannin;^ type 
sensors that collect and return to processing stations digital image data in 
several spectral hands. The thematic mapper (TM) is one of these multispectral 
sensors and this particular instrument covers six -visible and one IR hand vrith 
a resolution of 30 meters on the surface of the earth, in its visible bands. 

For satellites in near-polar orbit, so that ground tracks of the S/c are approxi- 
mately north-to-south, the scanning of the earth is acconplished by rotating a 
mirror in the west-to-east direction. The light reflected from the earth (for 
the visible bands) is collected by a bank of N contiguous detectors (aligned 
approximately north-to-south) so that N scan lines are collected during each 
sweep of the mirror. Typically, each sweep covers a 3.85 Km swath (east-west 
dimension) on the surface of the earth. Scanning is precisely synchronized 
with S/c velocity so that adjacent sweeps are exactly contiguous. During each 
sweep, the light detectors in the sensors are sampled at equi -spaced time inter- 
vals (equal -time or ET sampling) so that a TM scene can be thought of as a digital 
image made up of 8633 pixels (picture elements) in each of 6X66 lines. The image 
contains approximately 53 x 10° elements where each element is a 6-7 bit word 
(signifying one of 6h or 128 brightness values). 

Several factors contribute to geometric imperfections in the images col- 
lected by the sensor and, although our primary concern here is with S/C attitude 
errors, it is necessary to mention some of the other sources of error so as to 
put ACS-eaused errors in proper perspective. The ultimate use of the sensor data 
is to produce photo maps, typically on a scale of one-to-one million, of a 185 by 
185 Kin scene viewed by the sensor. Such a map, -vdiich may be in the form of a 
digital tape, will have Its individual lines precisely aligned with lines of lati- 
tude on the surface of the earth, and the rows of pixels will be precisely aligned 
with lines of longitude. A slight west-east scale expansion will be experienced 
if a UlM (Universal Transverse Mercator) projection is used to map the earth onto 
a flat surface. 


If one envisions the earth as having latitude and longitude lines painted on 
it and then considers hcrf this "grid" is viewed by the sensor , it is clear that 
the grid will not appear rectangular, or regular, to the sensor. First, the S/c 
orbit (^ich is selected to be inclined slightly from a polar orbit) does not allow 
the s/c nadir point to follow a north-south line (a line of longitude). Even if the 
s/c were in a true polar orbit, the earth rotates under the scanner so that in the 
27 seconds required to collect a scene, a skew would be imparted to the grid. 
Finally, even if the S/c orbit, pointing (attitude), and the sensor scanning were 
perfect, there are other possibly second-order effects that contribute additional 
distortion to the grid. S\ich effects -would include earth curvature and earth 
obleteness , 

In addition to these natural effects, there so'e certain characteristics of 
the system itself that contribute their ovm distortions to the grid. The S/C orbit 
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will not be known precisely so that the exact point on the earth that the sensor 
is viewing at any instant of time may be displaced from where it is predicted to 
be. Attitude errors about the pitch and roll axis of the s/c manifest themselves 
in approximately the same' way. Finally? the scanning itself may be imperfect so 
that the contiguous elements within each Scan line do not represent equal-angle 
(EA) views of the scene. 

All of these factors combine to distort the hypothetical grid which is viewed 
by the sensor and the major Job of the gecanetric-correction phase of ground pro- 
cessing is to estimate this grid and to relate it to the data that was actu a lly 
taken. By knowing the grid in relationship to the data? one can then resample the 
original data to produce the desired image. In general, this resanpling requires 
the generation by interpolation, of picture elements in between those that were 
actuilly taken by the sensor. 

With this backgroimd, we can now concentrate on the effect of attitude control 
system errors on the geometric correction of the images. We eirphasize that even 
with a perfect ACS, certain corrections mxst be made to the data and these opera- 
tions are significant from the standpoint of the amount of digiteil processing that 
must be done. However, as the ACS beccmes poorer, in the sense that it allows 
larger errors in pointing, a point will he reached where the effect of these errors 
begins to affect the processing - e,g., more ccai^ilex correction algorithms must 
be used, or more operations must be performed on the individual pixels. For even 
greater ACS errors, the necessary corrections may actually dominate the processing 
load. We will attairpfc to find these break points in the follovdng althcnagh the 
latter case (ACS errors dcminate the processing) may result /tdien the ACS is so poor 
that the system is practically unusable. 

The analysis will proceed in the following steps. In Section 2, we define 
"ACS errors” and give a range of values for both static and dynamic errors which 
should cover the range that might be considered for EOS. In Section 3j we show 
the Impact of these errors on the TM scenes. We will consider the errors that 
might manifest themselves during one conplete pass over CONUS, which might in- 
clude 15 scenes. In Section ii-, we show generally the processing that must be per- 
formed to gecmetrically correct the TM data. It is important that this processing 
be described in such a way that the inpact of ACS-caused errors is clearly evident. 
Finally, in Section 5, we relate processing casplexity to the processing steps and 
then go further and relate dollar costs to the processing that must be performed 
on one TM scene. Conceptually, if it costs to process one TW scene with an 
absolutely perfect attitude control system, we want to examine the total cost 

( 1 ) 

^rtiere^Als a function of ACS accuracy. To examine the relaticaiship in (l) the 
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major options to be considered are: 

Processor Configuration 

' 1, Completely General Purpose Con 5 )uter(s),GP option 

2. Special-Purpose Hardware to do as much of the^ 
processing as possible, referred to as SP option. 


Availability of ACS Error Data 

1. Not available 

2. AcccHnpanies the video data in each scan line 

These four cases will be considered as options, and within each ACS errors will be 

the major parameter, 

2. Assun^Jtions about the ACS and the resultant errors 

The intent of this section is to define very precisely •vrtiat we mean by errors 
in attitude and to make the necessary assuuiptions about the statistics of these 
errors. Also, we will state our assumed ranges for static pointing and attitude 
rate errors. 

The assumed geometry is shown in Fig, 6-4a. We assume that the scanner is 
aligned perfectly and executes pure rotation, sweeping out equal angular increments 
per unit time, about the roll axis of the S/C, The yaw axis of the S/C is assumed 
to be aligned perfectly with the center of the earth when there are no pitch or roll 
attitude errors. 

The control system is depicted in siirplified form in Fig. . 6-4b , . The instan- 
taneous pointing of the S/C is determined by making use of external references (stars, 
the sun, and possibly the earth) and internal inertial references. We assume that, 
these references periodically supply error signals to the ACS which indicate errors 
in angiaar alignment. These error signals are denoted in Fig. 6-Ub as ^ » 

and denoting errors in radians about the roll, pitch, and yaw axes, respectively. 
Generally, these error signals will include noise that is inci^red in sensing the 
reference in addition to any misalignment betwen the actual S/C pointing and the 
desired pointing indicated by the reference. If we denote the reference noise as 
®R, ^ich we will assume to be zero-mean Gaussian and independent from san 5 >le to 
sample with standard deviation we can denote the errors in actual spacecraft 
pointing as 

vae{E0^ - vak{_£jj|- = var{E^^ = r^AuJ^Aj (2) 


Where ^ is the basic sampling interval (interval at which the reference is sampled) 
and a second-order control system is assumed which is characterized by the undated 
natural resonant frequency cCn factor J . The relationships in (2) 
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are approximations since cross-coupling between the three spacecraft axes is neglected 

and also the control system parameters (OJ^, J ) W iicrt: be the same for the 

axes Note that the actual pointing errors in (2) are primarUy a function °f the 

control system bandwidth Wn 5 larger values of Wn, the g 

more rapiSy to the reference but it cannot average, or reduce, the input noise as , 

effectively. 

In Fig. 6-4c ■ we show typical time histories of the S/C attitude errors ^ 

Eo, and E^l, where each angle is expressed in radians. These angles clmnge slowly 
3th time with a correlation time that is roughly equal to the t^e constat (r) of 
the control system (?- = l/«r ) . For exas 5 >le, if = 1 radiM/seoond, then the 

fluctuations in the time histories would ex^Jerience significant changes only about 
once per second. These eiTors are assumed to be zero-mean Gaussian randcm variables 

with variances given by (2). 

As the attitude angles fluctuate with time, we can identify a rate of change 
of S/C attitude and also the errors E©, e| and with respect to the norm^ values 
of these rates. Spacecraft rates should be approxi^tely zero about the roll and yaw 
axes and precisely the orbit rate (6^ = 2 tt/|oo rad/min) about the pitch axis. With 
the assun 5 rt.ion of a second-order control system, we can approximate the rate errors as 

vae{e.^ = vah{e^[ ” vae{e^^ ” cTj^^A(J^/43 (3) 

BO that the vaxlance' in the rate error is approximately equal toWj^^ times the variance 
of the angular error. 

The foregoing is an overly sin^jlified view of the actual ACS aeration. In prac- 
tice, the operation may be changed from an external (star-traching) to an internal 
(gyro) reference at the beginning of each image-ta3d.ng pass.^ For our pu^oses, ^ 
imst interpret’ several specification values in a form that will be suitable for the 
analysis to follow. The three specified accuracies are (See Fig. 6-5) 


1 . 


Rate error averaged over 30 minutes, ^30° 

As shown in Fig. 6-5a, this measure specifies 
the maximum allowable depart\ire of the average angle 
rate from its ncminal value (zero for roll and yaw and 
4 for pitch ) when the average is taken over a 30 g^i^ut^ 
interval. This measure can be vcf^y misleading when applied 
to shorter, say 30 second, intervals. 

ATTITUDE ERROR - <^static > parameter is interpreted 

as the static pointing error, measured in micro radians which 
exists at the start of a satellite pass. In switching to a 
"hold" mode of operation, the ACS system attemptsto maintain 
this initial pointing with absolutely no change over the 
remainder of the pass. To do so, of course, it must maintain 


nrust not allow any acceleration). 
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■5 ATTITUDE JITTER OVER 30 SECONDS - 

aif^aineter is shown in Fig. ,6-&b where we observe 
the anRle-vers\i£-tiine record over 30 second tine intervals 
Seci^the ma^cimtm allowahle change in angle over these inter- 
vals# 

+hnt the litter requirement can be more meaningiiiL in ter^ of the individual 
NcFte that tne ^ snecified as one arc 

” ™ .... .. o.i« 

jurad/sec over this interval# 

In Table 6-13, . we list the assumed values of attitude and attitude rate 

errors corresponding to the definitions noted above. 

3 The imp&ct of ACS errors on the TM scenes 
is moving as the scenes are taken# 

Several time intervals are of interest and these are depicted 6-6, 

Clearly, s/c cannot move enough to produce any 

or Se sweep time. However, ov«r the duration of one scene, the rate errors can 
integrate to produce significant displacements in the pixels of the image. 

The static pointing error , 0,^ , y^"“VT°^L°uitch ^ron Sif" 

of 30 meters for a 44 xiradian pointing error about the pitch Mis. 

:LtL :rrors about the^^yaw aids, the outer pixels i“4/-S5)"rtit%rJS S botf" 
00 meters for each u radian error. Assuming a 50 meter (30^) orbit error in noun 
tte along -track and ^oss-track directions, we obtain a worst-case circular error 

in initial pointing of 




= 


[^l6.6^ + [o.68 


[551 + 0.9332 (T, 


^16.6^ + [0.68 + Lo-092 3 


st 


1 


meters 


(4) 


vrtiere 0^+ is now expressed in microradians. The four values in Table 6-13 for 
0^^ give the following pointing errors: 


Meters 

Pixels 


EXPAI-T3ED 


41,1 

1.37 


BASELINE 


170 

5.65 


LOW COST 


842 

28 


DEGRADED 


4211 

i4o 
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We can now s«*ize the four cases for hath static and dyna^nlc errors by com- 
puting a displacement over the time intervaa T as 2 ^ 

o' = [(0.68(4 if (0-68 <4 if + (0.092<4 1 

0.966 T meters (T in seconds, 0^ inAn-ad/sec) 

where CT^ is the rate error averaged over the interval T . To obtain (?! for T = LOO 
seconds'^(the pass duration) we use x 

30 minutes'' ^ 


(5) 


^00 sec 


400 sec 


^0 minutes 


- 2.12 (T^q loinutes 


A general cement Islurto 

the’"degraded" syate.. ^ 

4. Steps in the processing of a single scene 
three categories; 

I. Calibration, including radiomtric correction and one-dimensional 
line-scan correction. 

- « i£k. 

however, the location of ground-control points (GCP B) 

ITT Identical to H except that GCP's are first found In the image so 
that the resaa®ling grid can be estimated more accurately. 

We will assume that scenes axe corrected to the maximum 

we wi^ be concerned with all three types of processing. Within each 

Therefore, we will be , indeuendently on each pixel in each band; 

type, carton <^erat^s^axe “line (different operations 

certain others we °°™“ , v . finally, seme operations axe performed only once 

f" tf eZiSe sZe “ndi^^d^^eps, and the above mentioned cocMonalities 

S » p~.» »»«■ *■ “• 

N = 5.3 X 10' , for a GP processor, we obtain 
Type I Processing 

= 5.3 X lo"^ [6.25 (l) + 1 (2)] 


0 . 


= 4.37 X 10^ operatione/scene 


( 6 ) 
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BI. II (»« «=8 J.t„ «18»0I JrtOTol.«"") 

0 . 6.0,1.* *5.38 10^1-1=) 


Scene 


0 ^^ = 6.0x10'" Ngp + 5 . 3 X 10'|_1. -D..:, gcene 

I 

Type III Processing ^ 

°ni = ^ ^ ^ ^""/scene 

L = Size of search area in pixels 
M = GCP size in pixels 

We see that Oj is a constant; Oji is f Taction SfVrp.'^Mt^and 

fofl^S^a^-tlorthe^e paraJ^ters for the differed situations 
shown in Table 6-1^- 

WITH ACS DATA 

, HO. ,ACS DAX& 





T.nw Cost 

Degraded li 

Expanded 

Baseline 

Parameter 

Expanded 



) 



w 

64 

100 

225 

400 ! 

36 

: 64 




' ; 



^GCP ; 

4 

9 

25 

64 1 

2 

4 j 

M_ 

100 

100 

i 

100 

130 

100 

100 

1 

L 

120 

l6o 

1 380 

, 15D0 

1 

106 

i 136 j 


9 25 


Total operations for the GP cases (with and without ACS data) are listed in Table 
6-l6 . 

5, Estimates of processing costs 

TO estiraate processing cost for one M scen^ it wlU ^ 

dollar cost to the operations performed on each ^.6 ^ jj^te Sat this is 

t.rin f^n this bv simply equating one machine operation to $1 . 

S'lSf “i “‘I" *" 4tj 1 iTiIg 

“ rHriis 
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For the loK cost system, with static polntihg errors of 872 hrad ^ 

rs: JLd!® -^:?{r:sTperLnS'th: 

rapidly. This increase xs not as rapxd if ACS data the Type II 

g?fd ccmputation. For thfe GP approach, processing 

^oces^, specifically hy the tTO-dlmensional resampling/rdterpolation. 

To consider the irpact of special-pnzpose (SP) processorsj^ assume a 
maxk, that the SMS line -stretcher* cost $?00K for one L-nnorlmatelv 

S:i“ detfct%r1/=:rand I IK 

chapneis which (together) give Sth^ir 500 °lines I^d^ljtoOO^Lls/ 

finf ^5eh“1crnf if ejected ^f^tely 20 

Aretes. Assuming 6 Mts/plicel, SMS yields an average, data rate of Mbps. 

For EOS, a scene is coUected in 30 seconds. For the ’^PPrS 

only 20 scenes per day are collected, so that t nt peai ° 

mately) can be averaged over a 16 hour day to give an average rate of 


avg 


= 100 Mbps X 


20 X . 0.5 
960 


zz 1 Mbps 


Therefore for 20 scehes/day, the type 1 processing for EOS ^ l?^r«LetchL 

performed in a device that is slightly less expensive than the SMS line stretcher. 

At i(00 scenes/day, however, the average rate becomes 20 Mbps which we will ass^e 
is considerably more expensive (not 20:1 more expensive, however). For the type 
II processing, we really have no good benchmarics . We will, therefore, make some 
arbitrary estimates assuming that the two dimensional interpolation is considerably 
more complicated than the type 1 processing. Finally, for both devices we ass^e 
a five year system life so that both the type I and type II pr^esses can he reduced 
to a "cost” per scene. These numbers are summarized in Table d-17. 

V^e have not tried in Table 6-17 ’ to distinguish between the interpolation 

algorithms used in the type II processing. Note that these costs, the^elves, 
reflect an increase in cost per scene in movingofrom the expanded-capability to 
the low-cost system simply because the SP processors for the former case processes 
20 times the minimum data at only a four to six to one increase in cost. To remove 
this variation, we assume a cost of $4o/scene for the types I and II pr^essing 
\^ere grid computation is excluded in the latter (the -irst part of Eq. (7J ;• 

^Synchronous Meteorological Satellite - Synchronizer/Data Buffer Design ^an, 

October 1971, prepared by Westinghouse Electric Corporation, for Goddard Space 
Flight Center under Contract NAS-S-2157^. 
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V, Flo 6-7 a;: a dotted line. For a degradation In 

The cost trend Is then ^ proceBSing costs again become dominated 

ACS errors of 5=1 frm system, however, the costs 

?5,SLL“?aSpS^tS’.f.Sf;. 

6, Summary concluBions 

. * a »»r.lier the ACS accuracies assumed for the expanded capability, 

AS indxcated e^lrer, the ^ little impact on processing 

baseline, and wen the 1^-co entirely, by the two-dimen- 

costs for the TM data. Costs ^ accuracy that is degraded 5:1 

sional sampling/mterpolation of ^ Pointing errors of lUO pixels (one sigma) 

from the the ACS errors have 

and rate errors of ^et Is lo^nated by the cost of GCP 

?he"f::t th^-OCP ^eaa m^t be widened -t fso becau^^ 

until the ACS system is anal^ed or 

^df ?rS^r?h^rthe baseline attitude control system being con- 
:tS^?ed1s"^leteinde<luate insofar as m image distinction is concerned. 
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6-3.2 Cost per program for correcting images 

Information in Tables . 6-1, -2 and -3 l3 condensed to form Table 
6-l8 . to show the processing requirements as a function of program phase 

and size! The cost per scene for the TM was given in the previous section. 
To obtain the cost per scene for the HRPI, the TM cost per scene will be 
mtatiplied by the following factor: 


k = 


(Scene area) 

1 (No free, bands) (bits/pixel) (samples/pixel) 

(pixel areaj 


( Scene area , 

I (Wo frea. bands) (bits/pixel) ( samples/pixel ; 

(pixel axea> 

\ 


Using the data given In Table 6-3, the factor is 


HRPI 

TM 


( 48 X 10^ X 185 X 10^}(4) (7) (1.0) 

(10x10) _ , , 

188 X 1q 3 X 185 X 1Q3) (6 l/l6) (7) (1-C) 185 lO^ 6.0625 

30 X 30 ) 




= 1.54 




The cost for TM and HRPI is then estimated to be 2.54 times the cost 
of TM alone. 

-8 

The data of Table 6-l6 is multiplied by 10 ^/machine operation to 
obtain Table 6-19, showing the coat per TM scene for the general-purpose com- 
puter. Using Table 6 - 19 ,' (nearest neighbor interpolation only), the factor 
2.54 for the cost of TM and HRPI relative to that of TM only, and Table 6-18, . 

the cost per program was computed and is shown in Table .6-20, 


6.4 Total costs for the three ACS/GPS combinations over the three 
programs 

The costs for the ACS over the three programs as given in Table 6-10 
and for the CPF over the three programs as given in Table 6-20 were summed. 
The resuJ.tB are shown in Table 6-21.' 

The portion of Table ^ 6-21 for the total program (development plus 
operations) and for ACS data included was used to construct Fig. .6-8. . By in- 

specting Fig. '6-8, ' the least-cost ACS/CPF combiiiatlon for each of the three ■ 
programs results when ACS configuration 1 is used. Fig, 6-9 . was obtained in 

a similar fashion, but in this case, cubic convolution interpolation was used 
without ACS data. Inspecting Fig. 6-% the lowest-cost ACS/CPF results when 
the baseline configuration is used for the expanded capabilities program and when 
the low-cost ACS configuration is used for the other two programs^ . . 
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Fig. 6-8 is repeated in Fig. 6-10, except that ACS Configuration 0 
has been added, so that the mininiuiQ-cOBt point in oach curve is more clearly 
indicated. ACS Configuration 0 has an accuracy and stability 5 times less than 

ACS Configuration 1 (O.05 deg, 5 x 10 deg/sec). 

To show the decrease :ln cost of ground processing with increase in cost 
of the ACS for ACS Configurations having lesser and lesser performance, Fig. 

6-11 was constructed. The net cost, shown by the dashed line shows that 
the least-cost is associated with ACS Configuratioa 1, but the cost of ACS 
Configuration 2 (baseline) is so close to that of ACS Configuration 1 (within 
the probable error of estimation) that either ACS Configuration 2 or 1 
can be considered as the low-cost configuration. 

^ The cost of ACS hardware and manpower as a function of the number of space- 

craft is shown in Fig. 6-12A. The cost of the first spacecraft includes 
nonrecurring costs and is therefore larger than the cost of each subsequent 
spacecraft (recurring cost only). In Fig. 6-12B, the cost of ground pro- 
cessing for operations over a two year interval is shown. It is assumed that 
nearest neighbor interpolation, ACS data, and a general-purpose computer are 
used. The number of scenes per day applies to TM and HRPI simultaneously. 

In Fig. ,6-13, the cost of ACS recurring hardware and m©.T>power is abtfcvn 
on the vertical axis. Additional costs incurred due to the ground processing 
of a number of TM scenes/day simultaneously with the same number of HRPI 


Bcenes/day are given in the curves. At 288 scenes/day TM plus 288 scenes/day 
HRPI, the cost of ACS Configuration 2 becomes equal to that of ACS Configuration 

1 . 
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Figure 6-l4 is similar to that of Fig. 6-11, except that the variation 
in estimated ACS manpower costa'have been removed. from . Fig . 6-l4. In this case, 
the costs are lowest for ACS Configuration 2 (baseline). 

When manpower costs are fixed for all ACS configurations at the level 
cc^puted for ACS Configuration 2, as given in Table 6-8, the curves of Fig. 6-J.O 
change slightly to that shown in Fig. 6-1. In this case, the minimum ACS/CPF 
cost occurs at an accuracy of 0.02 deg and stability of 2x10 deg/sec. However, 
the cost is practically constant for ACS Configurations i tiTvd Z hnd bet^ee-w. ACS 
Configuration 2 is thus preferred, because it provides the highest performance 
and permits the greatest flexibility for meeting varying mission requirements 
at no additional cost lelative to the cost of ACS Configuration 1. - . 
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TABLE 6-1 PROGRAM FOR DFVELOIMEUT PHASE 


PROGRAM 


(Low Cost) 


(Baseline) 


( Existed 
bapabillties 



SPACE 


'EL 1 NO. 



LAUNCHED 


BY 

IN 

YEAR 

Delta 

2910 

1980.5 

Delta 

2910 

1979.5 

Shuttle 

1981.25 

Delta 

2910 

1982.5 

Titan 

3 B/SSB/KUS 

1979.5 

Titan 

3 B/SSB/MJS 

1980.5 

Shuttle 

1981.25 

Titan 

3 B/SSB/?njS 

1982 . 5 



MISSION 


DCS 



1961.3 DE>' 



WBVTR.DCS 


NOTES: (1) 


[dEJ-10) 


Demonstration Flight: Demonstrate deploJ^.:ent , resupply, 

and retrieval. Include all ACS Modes Flight - 
lasts 6 days 

Spacecraft No. is refurbishment of 2h. 

Spacecraft No. 2 C is refurbishment of 2 B, etc. 

Mission is either 

SOLAR MAX, SFASAT, OCEANOGRAPHIC, SEOS, or STELLAR 


\rBVTR,DCS| 
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TABLE . 6-2 PROGRAM FOR OPERATIONS PHASE 


PROGRAM 

SPACE 

CRAFT 

NO, 


OPERATIONS 
COMPLETED 
& RETURNED 
BY SHUTTLE 
IN YEAR 

MISSION 

INSTRUMENTS 


BY 

IN YEAR 

1 

(LOW COST) 

IB 

SHUTTLE 

1984,5 

1986.5 

LRM 

TMjHRPI, 

DCS 

B 

2 

SHUTTLE 

1986.5 

1988.5 

LRM 

' TMjHRPIj 
DCS 

A 

3 

SHUTTLE 

1988.5 

1990 - 5 

LRM 

TM,HRPI, 

DCS ' . 

A 

2 

(:baselime) 

IB 

SHUTTLE 

mum 

■■■■ 

1986.5 

LRM 

TM,HRPI, 

WBVTR,DCS 

B ■ 

3 

SHUTTLE 

1985.5 

1 ? 87*5 

(3) 

— 

B 

m 

SHUTTLE 

1986.5 

1988.5 

LRM' ‘ 

TMjHRPI, 

WB.VTR,DCS' 

B. 

5 

SHUTTLE 

1988.5 

1990.5 

LRM 

TM^HKPI, 

WBVTR,DCS 

B 

3 

(EXPANDED 

CAPABILm) 

.. 

4 a 

SHUTTLE 

1983.5 

1985.5 

LRM 

SAR 

— 

IB 

SHUTTLE 

1984.5 

1986.5 

LRM 

TMjHRPI, 

TDRS.DCS 

C 

2 B 

SHUTTLE 

1985.5 

1987.5 

( 3 ) 

- — 

— . 


SHUTTLE 

1986.5 

1988.5 

LRM 

TMjHRPI, 

TDRS.DCS 

c 

6 

SHUTTLE 

1987.5 

1989.5 

(3) 

— '■ 

— 

■ 

SHUTTLE 

1988.5 

1990.5 

LRM 

0 M,HRPI, 

TDRS,DCS 

c 
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MIA TRAUSMTSSIOF 


SO, Caro. STATIONS 


aSSBS/HAY OVER CONUS 


SCEHBS/DAy 


DIMENSIONS, KM 


IWBCTORS/BAND 


RB8<HOTI0N, METERS 


KETO/Pim 


SAIffUSS/RESOLUTION 



DAXA RAT E, MB PS 
(WITH BUFFER) 


FOR USE IN ACS/CPF TRADEOFF STUDY 


DATA OPTION 


B 


TM, HRPI 


DIRECT DATA 


3 


3 


_TM 10 

HRPI 10 


TM 185 X 185 

HREE 48 X 185 


m 16 

HRPI 4800 


m 30 

HRH 10 



TM 

6 1/16 

HRPI 

4 

TM 

85 

HRPI 

90 

1 STAGES 

I & II 


24 


7 

1 

36 


24 

— 

2 


OF PROCESSING* 


OOTWT IHODIXJTS, HDDT 

' I CCT 

B & W PHOTO 
COLOR " 


BO. OF FOH^IATS 


* Stage I: Calibration strolied with pictxtre (radiometric, 1-dinffinsional line scan) 

Stage XI; Correct ionef get earth curvature & rate, U 39 f pro;Jection, and 2 -din^nsional 
senaor scan 
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TABLE 6-4 . ERHOR BUDGET 


ITEM 

VALUE 

Error, Pixel Location 

0.5 Pixel Resolution, 1 (T 

Error, ephemeris 

along -track 
cross-track 
radially 

50 met 1 ^ 
30 met 1 ^ 
30 met 1 -r 


Error , earth model 

10 met 1 ct 

Error, transfer alignment 
between ACS Startrackers 
and Instrument 

21 |*rad = 4,3 1 

equivalent to 15 met 
at 716 Km. 

Errors, ACS 

Attitude 
Deg. 1 <^ 

Angular Rate 
Deg/Sec 


30 min 

S '^0 sec 

0 Expanded Capability 

p.002 ■ 
(7.2 s^) 

0.2 X 10“^ 
(2.6 sec/hr) 


0 Baseline(NASA ACS spec 

for LRM) 

0.01^ 
(36 sec) 

ip”^^ 

(13 sec/hr) 

10“^ 

o Low-Cost 

0.0^ 
(3 min) 

5 X ICT^. 

(1.1 min/hr) 
(0.018 deg/hr) 

5 X lo'^ 
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ACS CONFIG 




ACS Configuration 


Baseline 



rular rate, deg/sec 


Coarse Sunsensor 

Digital Sunsensor 

Eate Gyro Assy 

(3 gyros St electr) 

Earthsensor ( static ) 

Fixed-head StartracKer 

Gimhaled Startracher 

Magnetcsmeter 

Signal Conditioner/ 
Analog Processor 

Reaction tfheel/Driver 
Assy (3 wheels) 

Magnetic Bars/Driver 
Assy (3 Bara) 

Jet Driver Assy 

(4 75-lt>, 8 1-lh, 

8 0.1-lD) 

Signal Conditioner/ 
MUX/Decoder Assy 

Bus Protection Assy 


Expanded 

Capability 


— — — 

(1) An onboard digital cca^juter is used in each configuration 

(2) Cci 5 >lexlty J^tora associated with ACS configuration are: 

APR flrnrftt ion Complexity FactOT 


ACS Configuration 

1 (low-cost) 

2 (baseline) 

3 (expanded capabilities 


0.8 

1.0 

1.25 


J. Fragola 
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ACS/CPF TRADEOFF 


TABLE 6-6 ACS HARDWARE COSTS 


ons>oneut 


'ype 


oarse Simsensor 
igital Sunsensor 
ate Gyro Assy 
arth Sensor 
ixed-head Startracteer' 
Imbaled Startracker 
agnetometer 
nalog Processor 

( 1 ) 

eactionwheel Assy 

( 1 ) 

agnetic Bar Assy 
et Driver Assy 
ignal Cond/MUX/DCD Assy 
us Protection Assy 



K 

1 St 
Spacecr 

Subsequen' 

Spacecr 



0 

0 

2 

0 


35 
'150 
1130 
)120 
I 40 4o 5 


TOTAIS ► 

Notes; (l) Size l.( Smallest) 
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ACS/CPP TRADEOFF 


TRADE STiiOV REPORT 

,6 

weS NUMBER 

1 . 2 . 1.2.5 


TABLE 6-7 ACS MANPOWER COSTS 



standard Der.o 
ACS Conf. ACS Con^ 


1 2 312 3 


Design ACS to satisfy 
mis sion spectrum 

Procure components for 
qualification 

Test components at 
vendor 

Support qualification 
tests on spacecraft 


320 poo 500 


6 U 80 100 


32 Uo 50 


80 100 


320 Uoo 500 


64 80 100 


32 40 50 


64 80 100 


Procure components for 
flight spacecraft 

Perform acceptance tests 
on components at vendor 

Integrate components into 
ACS module Sc test 

Support systeni tests 
on spacecraft 

Support flight (2 Yr 
Operations (Demo 



PCEP4C£C S'^ 


G. A. Zetkov 


160 200! 


200 250 160 200 250 I'j 


80 100 125 80 100 125 80 100 125 


54 67 84 54 67 84 54 67 84 


80 ICO 


80 100 125 80 100 125 So ICC 


192 240 300 192 240 300 192 240 300 


0 10 


8 10 



566 1 707I ® 
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TRADE STUDY REPORT 


ACS/CPF TRADEOFF 



table 6-8 SUMMARY OF ACS HARDWARE AM) MA3?PCWER COSTS 


Category 


Hardware 


COST, $M 

1st Spacecraft 

1 

Subsequent Spacecraft 


Standard 

Demonstration 

ACS Config, 

ACS Config. 

ACS Config . 


Manpower l.Oi+6 1.307 


Total 


Refurbishment 



2.100 2.762 



2 

3 

0.805 

1.219 

0.707 

0.884 

1.512 

2.103 ' 

0.302 

H 

% 

• 

0 


2 

3 

1 

0.805 

1 

1.219 , 

0.477 

0.596 

H 

ro 

GO 

ro 

1.815 


KQTBS! ( 1 ) Cost of refurbishing spacecraft: 

20^ of total for subsequent standard spacecraft 


G* A. Zethov 
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OF PROGRAMS 



(LOW-COST) 


(MSELINE) 


(EXPA 1 ®ED 

CAPABILITIES) 


NUMBER OF SPACECRAFT 


DEVELOIMENT PHASE 


TYPE OF SPACECRAFT 


STAHDAEDI DEMO REFURB. 


OPERATIONS PHASE 


TYPE OF SPACECRAFT 


STANDARD REFURB , 


PREPARED BY 


G. A. Zetlsov 


GROUP NUMBER a JNAME 

493 Control Systems 
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TRADE STUDY REPORT 


Acs/ CP? TRADEOFF 


T!FS 

S?ACrCRAFT 


let :rACSC?AFT 
CLnr5at'i:::T stabu-RD 
i:M'.:rT?ATicn 


CVlt'IQ'.'EhT STAKCAKD 
r<'.M.T?2ISfW£RT 


table 6-10 ACS PROGRAM COSTS 


LOW-COST PBOGPAM . 


ACS COK*?IGU?ATIOy 


H 


WBS 

2-5 




HARDWARE PLUS MANPCWER 



AI-TRC. i-D BY 


BASELIME WOGi^AH 


ACS CCKIFTC’-’RATICW 


SXPATOn* CAPABILITIES PROSPA:-! 


ACS coiTicypATira 




G. A. Zetkov 


J. Fragola 
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WEIGHT, 


LB 


CCMPOHEKT 


ACS CC:rFIClTRATIO?J 


I 

1 

2 

2 

Course Sunsensor 

0.156 

0.156 

0.156 

Digital Sunsensor 

5 

5 

5 

Pare Gyro Assy 

7.25 (LGIOO Bendix) 

15 (6U RIG Bendix) 

,15 (6I4 FIG Bendix) 

(3 gyros & electronics) 
Bsrthsensor (static) 


— 

— 

ri3ced-head Startracker 

— 

17 


(Incl- electr*) 
CijBbaled Startracker 
(incl. electr.) 
Magnetooeter 
Signal Conditioner/ 
Analog Processor 
Keact 1 onvheel/Dr i ver 

6.5 

(10 X 3 - 30) /- 

6.5 

6 

(10 X 3 * 30 ) /h 

50.1 

6.5 

8 

(10 X 3 “ 30 /^ 

(3 -wheels. Size 1) 
Itegnetlc Ears/Driver 

10.2 X 3/ - 

10.2 X 3/5.75 

10.2 X 3/5.75 

(3 bars. Size l) 
Jet Driver 

(U 75-lb 
8 1 -lb 

8 0 . 1 -lb) 
Signal conditioner/ 

-/O. 5 /I.O 

k 

5 / 0 . 5 / 1.0 

k 

Multiplexer/Decoder Assy 
Electronics Assy^^^ 

13 

— 

— 


VOTES: (1) Electronic Assy Includes 

(1) Analog processor & conditioning of signals Into analog processor 

( 2 ) Drivers for reactionvheels, loagrietic bars 4 and Jets 

(3) Signal conditioning for signals Into Bultlple»er and for signals 
out of decoder 
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iASijE 6-12 ACS CtHPOM^ & SYSTIiM WEIGHTS 



Cosrae Suna^nsot 
Digital Sunseosor 
Bate Gyro Asay 

(3 gyros & electr.) 
Barthaenaor (static) 
nxed-head Startracker 
GlBt«led Startracker 
Hagnttcoeter 
SlgpaX Conditioner/ 
AMlog Processor 
Reaetloo Hheel/Drlv«r 
Aa«y (3 wheels) 
Msgaatlc Bars/Oriver 
May (3 bars) 

Driver Assy 
(h 75-lb, 0 1-lb, 
8 0.1-lb) 

Signal Conditioner/ 
MDQ^Decoder Assy 
ELaetronics Assy^^^ 


TOTALS 


ACS COUFIGURATION 


no/ WEIGHT 
SPACECR EA, LB 




TOTAL NO/ 
WT.LB fepACECB 


0.156 0.312 2 0.156 



?>.35 36.35 


6.5 6.5 


V.T,LB 


36.35 36.35 


149,662, 


( 1 ) giectronlcB Assy includes 

(1) processor & ccmditlonlng of signals into analog processor 

(8) Drivers for reaction idaeels, aagnetic bars and Jets 
(3) Signal cooditiooiag for signals into saaltlpleier and for signals 
out of d ecoder 
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TMlE 6-13 


RANGE OF ATTITUDE AND ATTITUDE RATE ERRORS* 


> 

o 

CO 


o 

H 

> 

e? 

fTi 

o 

T1 

Tt 



EXPANDED 

CAPABILITY 

BASELINE 

LOST COST 

DEGRADED 

1. Rate Err, Over 30 Min. 
“'30 /s > ' ^ 

3.5 X 10"3 

17.4 X 10"^ 

87.2 X 10“^ 

436 X 10"^ 

2 . Static Attitude Error 
0;^ /zradlan, » ^ 

35 

174 

872 

4360 

3. Jitter Over 30 Sec; 

^>5/30 

^ad/sec. ^ ^ 

32 X 10"^ 

162 X 10'^ 

808 X 10"^ 

4.05 


*Note that there is an approximate inverse square-root relationship between the one-sigma 
rate errors and the time intervals over irtiich the measurements are defined. We will 
assume and use this relationship later to intei^late between 30 seconds and 3^ minutes. 
The 30 second value will be assumed for intervals shorter than 30 seconds. 


H 

TO 

H 

fo 

U1 


|CT\ 
















TABLE . 6 -lk 


SUMMAEY OF HtSHiACEMEWTS 
IN PICTURE EH^EMEKTS FOE THE FOUR 
ASSUMED CASES (ALL VALUES, ONE SIGMA) 



Baseline 5.65 j 0*15 0,475 


Low Cost £8 0,78 2.38 


Degraded 


l40 


4.0 


12 






TABLE 6'tS 

summary of processing steps and 
estimates of machine operations to perform 
each step 


TYPE OF 

processing 


description of 


BASIC unit that 
determihes 


multiplicative 

FACTOR* 


machinb operations 

PER BASIC UNIT** 


II 


HI 


OFEKATXUW 

Radicanetric Correction 
Line Stretching. 

Each Pixel, 
JStpix. 

6.25 

1 

Calculation of Re- 
Sampling Grid 

(number 

of grid points) 

- (grid is used 
for all bancU in 
one scene) 

Coordinate Computa- 
tion for Resaiffpling 

Wpix 

1.0 

Actual Resaurpllng 
Including Interpolation 

Npix 

6,25 

e Nearest Neighbor 
0 Bilinear 
• Cubic Convolution 



Ground Control Point 
Location 

^GCP 

(Nuniber of Control 
Points) 

-points used 
for all bands 
in one scene 


1. 

2 . 


L ■ 

6 X 10 opns w/o ACS Da" 

105 opns w/ACS Data _ 


2.0 


8 

£5 

60 


multiplicative Factor = Ilf ccmputation is ccaamon for all bands; - 6.25 if the corrputation 
Ls different for each band. 

''Operation" defined as integer add. 

Assume sequential similarity detection (SSDA) so that number of operations is 
10 [ 1 + 10 (m/32)^ ] [l - M + 1 jt*ere L is size of search area in pixels 

and M is the Else of the GCP In pixels. 
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TITLt 
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TKAOE STUDY REPORT 
KO. g 


WBS N.UMDER 


TABLE 6-X6 

TOTAL OPERATIONS/SCEIJE 
FOR GP APPROACH 


m 


W ACS DATA 
BI 


CC 


WITH ACS DATA 
m BI _ __ 


CC 


EXPANDED 

CAPABILITY 


BASELINE 


LOW COST 


DEGRAIED 


I 

^.3 

X 

lo8 

4.3 

X 

lO® 

4.3 

X 

10 ^ 

4,3 

X 

10 ® 

4.3 

X 

10 ® 

Q 

4.3 

X 

10 ® 

10 

II 

2,7 

X 

10 ^ 

8.4 

X 

10 ^ 

2.0 

X 

io“ 

2.7 

X 

10 ^ 

8.4 

X 

10 ? 

k 

2.0 

X 

10 

4 

III 

S .2 

X 

10 ^ 

3-2 

X 

10 ^ 

2 i 2 . 

X 

10 ^ 

1 . 8 ^ 

2^ 

10 ^ 

1.8 

X 

10 ' 

Q 

1.8 

X 

10 

TOTAL 

3.1 

X 

10 ^ 

3.6 

X 

1 C ? 

2.0 

X 

10 ^ 

3.1 

X 

10 ? 

8.8 

X 

10 ? 

2.0 

X 

10 ! 

I 

4.3 

X 

loS 

4.3 

X 

10 ® 

4.3 

X 

10 ® 

4.3 

X 

10 ® 

4.3 

X 

10 ® 

Q 

4.3 

X 

10 ® 

10 

II 

2.7 

X 

IC^ 

10 ® 

8.4 
6 2 

X 

10 ^ 

10 ^ 

2.0 

6.2 

X 

X 

10 ^" 

10 ^ 

2.7 

1.0 

X 

X 

10 ^ 

10 ® 

8.4 

1.0 

X 

x_ 

10 ? 

10 ® 

2.0 

1.0 

X 

X 

10 

10 ® 

III 

TOTAL 

D»fc_ 

3.1 

X 

I? 

3.8 

X 

10^ 

2.0 

X 

io“ 

3.1 

X 

10 ? 

8.8 

X 

10 ? 

2.0 

X 

10 ^ 

I 

4.3 

X 

lO® 

4,3 

X 

10 ® 

4.3 

X 

10® 

4.3 

X 

10 ® 

4.3 

X 

10® 
■ Q 

4.3 

X 

io ® 

10 

II 

2,7 

X 

10 ^ 

8.4 

X 

10 ^ 

2.0 

X 

10 ^ 

2.7 

X 

10 ? 

8,4 

X 

io? 

2.0 

X 

10 -^^ 

7 

III 


X 

10 ® 

3.6 

X 

10 ® 

iii 

X 

10 ® 

4,6 

Ji 

lo'^ 

liii 

X 

lO*^ 

Q 

4.8 

_x 

10 ^ 

TOTAL 

3.5 

X 


9.2 

X 

10 ? 

2.1 

X 


3*2 

X 


8,9 

X 

10 ?- 

2.0 

X 

10 *^ 

I 

4.3 

X 

10 « 

4.3 

X 

io8 

4.3 

X 

10 ® 

4.3 

X 

10 ® 

4.3 

X 

10 ® 

4.3 

X 

10 ® 

10 

II 

2.7 

X 

10^ 

8.4 

X 

1C? 

2.0 

X 

10^ 

2,7 

X 

10 ? 

8.4 

X 

10 ? 

, 2.0 

X 

10 

Q 

TTT 



10^° 

2.3 

X 


2.3 

X 

10^ 


X 

10 ? 

2iA 

X 

10 ? 

.ill 

X 

10 ? 

TOTAL 

2.6 

X 

io"° 

3.2 

X 

10^° 

4.3 

X 

10^*^ 

6.4 

X 

10 ? 

1.2 

X 

10^^ 

2.3 

X 

10 -^^ 


NN - Nearest Neighbor Interpolation 
BI = Bilinear Interpolation 
CC = Cubic Convolution 
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TABLE .6-17 

assumed cost of sp processors for 
T’XPE I AMD type II PROCESSING 



degraded/low COST 
20 SCENES /day 

BASEIilNE 

QO scenes/day 

EXP. CAPABILITY 

400 scenes/day 

Assiimed cost of 
Type I processor 

$500,000 

$700,000 

$2. CM 

Cost per scene 
over 5 years 

$13.60 

$U.26 

$2.73 

Assumed cost of 
Type II processor 
(Bilinear Interpolation 
Assumed) 

$1.0 'M 

$2,0 M 

$6.0 M 

Cost per scene 
over 5 years 

$27-20 

$13.00 

$8,20 ■ 

Total Cost/Scene 
(Type I Sc Type II ) 

$40.80 

$17.26 

$11.00 






THAPr; STUDY nru'JHT 
NO. g 

WBS NUMDtlR 


1 . 2 . 1 . 2. 5 




G RUMM AN 

TRADE S TUDY REPORT 


TITLE 


ACS/ CPF TKADEOFF 


tradt: study report 

^ 6 

WPS N U M D E R 


tabt.t: 6-18 PROCESSING REQUIBE MEHTS AS_A 

T^TMPTTfiW OF. PROGRAM PHftSE AMD SIZE 





PHASE 

PROGRAM 

YEARS 

OF 

OPERA- 

instruments 

data 

OPTION 

scenes/day 

Development 

1 (low-cost) 

2 

TM, HRPI 

A 

TM 10 
HRPI 10 



2 

TM, HRPI 

A 



2 (^haseiine; 

2 

TM, HRPI, WBVTR 

B 

TM 45 
HRPI 45 , 


3 (expanded) 

4 

TM, HRPI, WBVTR 

B 

II 

Operations 

1 (low-cost 

6 

TM, HEPI 

■ .'A 

TM 10 
HRPI 10 


2 (baseline) 

6 

TM, HRHI, WBVTR 

B 

TM 45 
HRPI 45 


3 (expanded 

caPs-Bili'ti^s ) 

8(1) 

TM, HRPI, TDRS 

C 

TM 100 
HRPI 100 


NOTES; 

(l) The SAP was counted as 
spacecraft No* 4A with 
with spacecraft No. 3B 
with spacecraft No. IB 


a data option C. 

SAR operates simultaneously 
for 1 year# and simultaneously 
for 1 year. 


— . 
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WDS NUMBER 

1 . 2 . 1 . 2. 5 


ACS 

CONFIGURATION 


3 - 

'Expanded 

Capabilities) 


Baseline) 


(Low Cost) 


(Degraded) 


TA BLE . 6-19 

TM COST PER SCENE. USING THE 

general purpose ccmhjter approach 



m NEAREST NEIGHBOR 

BL BILINEAR 


CC CUBIC CONVOLUTDN 


4.3 

200.0 

33.0 


237.3 


PREPARE D BY 

G. Zetkov 


DATE 

7-1-74 

s 



APPROVED BY pra^ola 

. 



COST PER SCENE $ 1 

Without ACS Data 

— , — 

With ACS Data 

1 
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Fig. 6-1 ACS/CPF Cost vs ACS Performance 
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E. 7 SPACECJ^AFT AUTOHOMy/HARDWARE VS SOFTWARE 


PURPOSE 

The study examines the allocation of system functions among the spacecraft 
computer, spacecraft hardware and groundhased computers in order to establish 
a preferred configuration from the points of view of cost, reliability, 
safety and function. A major incentive for such a study is the rapid advances 
made in the past few years in the versatility and reliability of space-qualified 
computers, as demonstrated by the OBP (On-Board Processor) of the OAO satellite, 
which imply that much of the spacecraft computation burden may be shifted to 
the spacecraft computer. 

SUMMARY 

The study considers each candidate function from the point of view of cost, 
reliability, safety and suitability of function. In general, any function which 
has a limited number of Input parameters and has outputs which are used in 
the satellite is appropriate for on-board processing. The functional benefit 
of assigning these processes to the OBP results from the limiting of the 
number of parameters which require uplink transmission. The limited number 
makes parameter generation in the ground software simpler and reduces the 
number of transmission errors to be detected, rejected and retransmitted. 

The resulting software package, with approximately 23000 words of memory, is 
larger than the OAO software package, but still well within the 64000 word 
capability of the AOP (Advanced On-board Processor) design or of the other 
space-qualified computers considered for the satellite. 
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The use of an on-boetrd ocmiputer for a large proportion of the EOS system 
functions can "off-load" the ground operations >*lch were required for 
earlier programs, with substantial benefits in overall program cost. 

On-board accounting for time and image location, included xn the downline 
image data stream, can simplify ground indexing of the data arid make the use of 
low cost ground stations dependent only on receiving the downlinked data. 

Reliability of the spacecraft, once a committment to coiiputer control is 
made, is not particularly affected by the size of the software package; any 
transfer of functions to software in^roves system reliability if the alternate 
approach has a reliability penalty. 


Further studies are reconnuended to search out alternate software development 
approaches to reduce the cost associated with the EOS software. Basic study 

areas are: 

o Processor Versatility 
o Software Support System 
0 Higher Order Language 

Processor versatility refers to the capability of the instruction set of the com- 
puter to perform the detailed tasks desired by the programmer. The software 
sizing of this study is based on the use of the AOP instruction set; modification 
of the AOP arithmetic logic and test unit may permit significant reductions in 
the number of instructions (and thus cost of software development) required 


for Saxe tasks. A typical exan^le is the BRM (®anch and Mark return location) 
instruction, i*ich, for ccmpatibility with the memory prctect feature, requires 
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all subroutine linkage to be stored in a remote unprotected area. Inclusion 
of a "return location register" in the processor, with "Branch to Return 
Register" and "Store Return Register" Instructions would reduce the pro- 
gramming effort for each program or subroutine by two instructions, with 
corresponding savings in programming cost and in memory requirements. As 
the size of the software package increases, the savings may well surpass 
the additional hardware development costs. 

The Software Support System is the tool with ^ich the programmer prepares 
the spacecraft software. The baseline support system for the AOP is based 
on the METAPIAK system, and operates in a batch mode, which requires sub- 
statial "load and wait" operations. Conversion of the support systems to 
time share operation would permit interactive program, test, and edit functions 
at a programming station, with considerable time savings. Again, as the size 
of the software package increeses, the savings may well surpass the system 

change costs. 

Similarly, development of a compiler for the AOP to permit the use of a 
hi^er order language would reduce the programming effort required for a 
given function, with a penalty in memory required and nnming time, A 
major benefit would result if the higher order language chosen were one In 
which deslreable software from other programs were available. 
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COST DATA SUMMARY 

The cost of developing the software for the EOS can he vlsiialized in the 
blocks shown below. Development of the software Is split into two segments 
on the basis of the end \ise; 


DEVELOP BASIC SOFT- 
WARE REQUIREMEHTS 
WRITE SOFTWARE 
WRITE TEST SOFTWARE 


VALIDATE SOFTWARE 
IK TEST SPACECRAFT 


DEV MISSION peculiar! 

SOFTWARE REQ'TS 
WRITE SOFTWARE 
WRITE TEST' SOFTWARE^ 


'f 



EDIT TO FORM FLIGHT 
SOFTWARE PACKAGE 




STORE IN EOS 
SOFTWARE UHRARY 

--i — 




VALIDATE SOFTWARE 
IN FLIGHT SPACECRAFT 


Basic Software is intended to be applicable to the software packages for all 
EOS spacecraft, and thus will be tailored to achieve compactness and broad 
cCBnpatibility. The Mission-peculiar software is Intended for use with the 
spacecraft fca* a specific mission, and will contain the adaptations and 
additions to make the Basic Software function for the specific mission. 
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The non-recurring coses for the development of these software blocks are 
estimated: 

Basic Block 12 Man-years 

Mission-peculiar block 6 Man-years 

Note that for mission-peculiar software, this cost is incurred for each new 
mission. 

Validation of the Basic software is estimated to require an additional 8 man 
years. This process includes operation in a test spacecraft and the attendant 
testing and software refwork. After validation, the Beisic software will be 
available in the EOS library for use in the develojEient of software for 
specific missions. 


Editing the library version of the basic software in combination with the 
Mission-peculiar software will generate a spacecraft software package for 
the specific mission. This software link-editing is actually an internal step 
in the debug and rework process vftiich leads to validation, and is not costed 
separately. 

Validation of the spacecraft software is performed in the actual flight space- 
craft cco^niter, and includes the required de-bug and rework of the Mission- 
peculiar software. This process, including the link-editing required to 
produce the final software package, is estimated to require 4 man-years. Soft- 
ware maintenance of the validated software will be required to acccanmodate minor 
changes In hardware, modifications system requirements and repair of system 
and software bugs. This effort can be e:q>ected to continue from the installation 
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7.1 SPACECRAFT AUTOHOMY 

Spacecraft Autonomy, for the purposes of discussion is defined as the perfoimance 
by the spacecraft of system functlcns with no requirement for intervention by 
ground support facilities. There are obvious limitations to autonomy; por each 
funqtlon, either assurance from previous flight tests or suitable ground backup . 
methods should be available, at least during the early operational stages. The level 
to which functions are assigned to the spacecraft rather than ground facilities 
must be selected with reference to the qualiti-^s of the resulting system: 

0 System costs 
o System reliability 
0 System safety 
0 System function 

System cost as a function of autonomy can be described in terras of fixed and 
recurring changes; the fixed costs of preparin.^ a computer program to perform 
a specific function are perhaps twice as great for the satellite computer as 
for a ground computer, primarily because of the triple constraints of real- 
time operation, memory limitations, and running time limitations. The actual 
memory costs for a given function tend to be roughly the same since the lower 
memory costs of the ground computers are offsei; by -he relatively large bulk 
of the compiler -generated programs. Recurring char{;es for operators and 
machine time for ground computers however, have no counterpart in the satellite 
computer; power and installation costs are fixed once a computer installation is 
established. As a result, any function which can be eliminated from the required 
ground computations results in an overall system cost saving. 
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System Reliability as a function of autonomy depends mostly on the susceptability 
of the data to trajiamlssion errors between the ground command source and the 
satellite command performance. For each function which re< 3 .uires up-or-down-linkj 
the point In the functional flow path which requires the least frequent trans- 
mission of the least amount of data is the appropriate ground/satellite dividing 
point for maximum reliability. 

Safety considerations, as far as the EOS autonomy is concerned, are limited to 
the possibility of operations which would endanger a Shuttle crew during a 
maintenance and resupply mission, or, in a different context, operations which 
would result in cctnplete loss of the satellite. He completely "autonomous” 
failure mode in which the spacecraft seeks a stable but non-functioning attitude 
and awaits repair must not be compromised by ei^ther ground or satellite functions 
If safety considerations are to be met. 

System Function is a matter of fulfilling the requirements of the overall system 
within the accepted tolerances. In the establishment of a given system design, 
some accommodation In the tolerances themselves may be required to achieve the 
optimum combination of system qualities. 
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Spacecraft Function Selection 


'This section considers the level of autonomy appropriate for a series of 
spacecrafl; functions. The functions chosen for examination are those 


which by their nature require interaction "between ground and spacecraft. 

Each function is described in terms of overall approach, options in autonomy 


level, and rationalization of a preferred approach. Implementation of the 
chosen approach is described in section 3. 2. 9*3 s^d is the basis for the 
software memory budget presented in section 3.2.9.^» 

BGA Calibration Method 

The RGA (Rate Gyro Assembly) contains three (or more) rate integrating 
gyros which measure the attitude changes of the spacecraft. Each gyro output 
is subject to errors of bias and scale factor which if uncorrected would lead 
to spacecraft attitude errors after some timo of operation. The correction 
for bias and scale factor must be kept up to date during mission operations 
in order to keep attitude errors within tolerance. 

Measurements of the attitude offsets can be made by ground operations in the 
following sequence: 

1. Command (by uplink) a suspension of star-tracker attitude correction. 
This will permit gyro errors to bui;id up in a recognizable pattern. 

2. Analyze returned image data for build-up of pitch, roll or yaw offset 
error , 

3. Compute appropriate calibration chaiige for each gyro. 

4. Conmand (by uplink) calibration changes, 

5. Canmand (by uplink) resumption of snar-tracker attitude compensation. 
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Aboard the spacecraft a series of operations by the OBP (On-Board Processor) can 
detect and correct for gyro bias and scale error: 

1. Collect star-tracker offset commands, determine long-term average 
attitude correction* Long-term error i's symptom of gyro bias. 

I . . 

2. Compute appropriate calibration change for each gyro, 

3. Change gyro calibration. 

Although the fixed costs for the two methods are probably about the same, 
operating costs for the groundbased process have no counterpart in the on-board 

process: costs for full autonomy are less. 

The system reliability of the two gyro calibration methods is approximately the 
same except for the possibilities of bad commands arriving at the spacecraft 
because of transmission errors: the autoncanous system is slightly more reliable. 

System safety is affected in either system if large-scale gyro corrections upset 
attitude control during maintenance or resupply processes: The non-autonoraous 

' system is slightly safer, since the control link may be more easily disabled 

than the OBP during maintenance. 

System function during the ground-based calibration is degraded by the turn-off 
of the precision star-tracker reference and the build-up of attitude error. 

The autonomous method results in comparatively smooth changes which will be 
imperceptible from the experiment point of view: the autonomous system is 

functionally preferable. 
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STAR-TRACKER DATA HAMDLING 

The Etar-tracker of the EOS atti-tude control system provides the 

precision reference which permits precise pointing to a geometric vertical. 
Outputs of the tracker when an observable star is within its field are. 

0 Loclt-on signal 
o Star magnitude 

o X offset of the star from ths central axis- 
o Y offset of the star frcaa the central axis 

Ground utilization of the star-tracker data for precision attitude 
control requires : 

1, Stable (rate gyro reference) control of spacecraft attitude 
as a background for star-tracker corrections 

2, Downlink of star-tracker outputs with aasociated time-tags 

3, Latitude and longitude of tpacecraft ctm^mted for the times 

of sighting 
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4. computation of direction of atai' sight 

5. Identification of sighted star find evaluation of the errors 
of the sighting 

6. Determination of pitch, roIJ. and yaw camponents of the errors 

7. Ccmiputation of attitude correction conmands 

8. Command (by uplink) to add correction to individual axes 
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The corresponding OBP process requires basicnUy the sehie sequence of operatlcns 
^th.the exception of the downOinh of star sighting data and the uplinh of correction 
ec^aands. The OBP has the advantage of Operating in real ti.e so that star sightings 
^ch axe too short can be abandoned without further handling, and so that corrections 
can be mde while the attitude errors axe still s^. Problems of the star tables 
to be used wiU probably be solved differently in ground-based and on-boaxd progran>s; 
advantage can be tahen of the ground-based cosputerls sise to penait the use of 
planet sightings for attitude reference. In the on-boaxd progran., the stax tables 
^ omit reference stars in the ecliptic vicinity so as to avoid any possibility 
of associating planet sightings with actual stars. Sun and moon sightings axe 

asmmed to be avoided by shuttering the star tracker. 

System costs for actual software are about equal for ground-based 

or on-boaxd programs; operation of the ground-based system at the required rates, 
however, will require very nearly Ml time software support, with its attendant 

costs: costs for full autonomy are less. 

System reliability for the two star-tracker methods is approximately 

the same except for the additional risk of had data transmitted through the downlink 

or of bad corrections arriving at the spacecr^’t because of transmission errors: 

the full autonomous system is more reliable. 

System safety is not affected by the star-tracker system. 

The system function of the ground-based star-tracker data handling 
system is poorer than the on-boaxd system because of the intemittent natuxe of 
the application of corrections. Ibis drawback can be accommodated by transmission 
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correction of the returned images. The system performance of the two approaches 
Is equivalent if this additicnal cost and effort is accepted. 


EPHEMERIS GENERATION 
POSITION CCMHJTATION 

The functions of ephemeris generation and position confutation are 
required to determine the position of the spacecraft at any instant. The ephemeris 
generation function, by multiple sightings and orbit modelling, determines the 
elements of the orbit at some (past) reference time, and the position confutation 
function prcfagates these elements to deteiTnine the position at- the desired . 
instant. Bach function, though highly analytic, must be fine-tuned by enfirical 
methods to achieve the accuracy desired by the EOS dsign,. 

Enfhemerie generation requires as a data source many sightings 
either of the spacecraft fran knovm measuring stations or of surveyed landmarks 
or beacons from the spacecraft. Since observations from the spacecraft require 
either a landmark recognition instrument or a instrumented beacon network, ephemeris 
generation is not feasible for the current spacecraft program, since these support 
elements are not available. Thus ground computation of orbit elements is the 
preferred method, at least for the current program. 

Position of the spacecraft is required for a number of functions 

\rtiich are also candidates for on-board operations: 
o Star-sighting data reduction 
o Experiment start .and stop control 


o Downlink and uplink data transmission control 
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O Experiment (HRH) and antenna pointing 
o Experiment data tagging 

computation of the spacecraft position requires either solution of 
a multi-vajiable trigonometric formula or extrapolation by incremental integration 
of the position vector of the spacecraft under the influence of estimated perturbing 
forces. Either method requires initial data in the form of an array «hioh contains 
the measured ephemeris infoimation, and produces position estimates idiich 
approximate the true posS.tion vithin an error which increases as a function of 
time from the last array update. The rate of error buildup and the level of 
acceptable error determine the time interval permitted between array updates. 

For the. ground ccoiputation system the next array update must await the next 
satellite sighting and ephemeris caiputation;. for the on-hoard system, partial 
array update may he amie. as a function of horizon sensor data or of orbit sunrise 
or sunset timing error. 

The cost of developing software for ground-based or on-hoard position 
computation is roughly equivalent, but the system operation of the ground-based 
method requires near -continuous manning with its associated costs: the costs 

for spacecraft autonomy are less. 

The reliability of both systems is dependent upon the reliability 

of the ephemeris data with which it is fed: the two systems are equivalent. 

System safety is not affected by the position confutation function. 

System function is slightly better with on-hoard ccmputation since 
partial oorrectians between array updates are possible: the autonomous system 
is preferable. 
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ORBIT COimriNO 

Orbit counting is the process of Identifying. the particular orbit 
which is current, as an identifi.er of housekeeping information and e^eriment data. 

It is actually a representative of a series of minor accounting tags which permit 

handling of spacecraft data on the ground. 

Ground computations are handled on a batch basis. Continuity 

from the data of one batch to the next mast be based on tape storage and 

playback. As a consequence, human errors in the collection and loading of accounting 

tags may occur. 

On -hoard ecoEputations are performed on a real time basis. As a 

consequence, accounting tags such as orbit number are handled continuously as 

long as the coniputer remains active. 

Cost, system safety and system function are not affected by the 

choice between on-board and ground-based orbit -count routines. The reliability 
of the onboard function is superior since it avoids the possibility of data 
loss due to human error: spacecraft autonomy is preferred. 
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AHTMA STEERING 

The -wideband antennaa for e:^eriment data dcjwDlinlt require steering to ^ign 
them vith the ground antennas for satisfact^ory dovmlink gain. 


Ground control of wideband antenna steering will require a sequence of steps: 

1 . predict the time and ground path of t?.e next pass of the spacecraft 
over the ground station antenna. 


2. prepare a sequence of spacecraft commands which will steer the antenna 
during the pass and turn the transmitter on and off 

3. transmit the command sequence to the i.pte<,ccraft through the command uplink 

4. at the predicted time, the command handling routine of the OB? will issue 
the commands to the antenna drives and the transmitter 


The on-board process for antenna steering requires a similar sequence of 
operations: 

1. at Intervals, the OBP will scan ahead along its ground track, checking for the 
values of latitude and longitude tabulated for ground receiving stations . 

2. when an approaching ground station is found, the OB? ccai 5 >ute and execute 
commands to steer the spacecraft antennae 

3 . when contact is made, turn on transmitters 

As with the star-tracker service function, the major differences between on- 
board and ground-based computation are: 

o higher cost of ground-based operations 
o possible loss of control due to uplink command errors 
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7.3 Function Descriptions 

The functions to be performed by the on-board computer of the EOS are listed in 

» 

Table 7-1 under three general classifications : 
o Basic software, 
o Adaptable Basic Software, 
o Mission Peculiar Software 


The classifications refer to the extent to which the library version of the software 
must be modified to be suitable for a specific EOS mission. ' Basic software, aside 
from program linkages and priority schedules, requires no modification from mission 
to mission, and thus can be link edited into a computer load tape with little 
expended mempower. Adaptable basic software, while it can be used in library form, 
may require more involved modifications for seme missions. Mission Peculiar 
software will require complete programming effort in its preparation; for missions 
using common experiment packages, however,. theUbrary form of the aftware may be 
used on subsequent missions . 
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TABLE 7-1 


SPACECRAFT C(KPUTER FUNCTIONS 


PXTNCTION 
Executive 
Self -Test 
PrograiE Change 
Command Handling 
Mode Control 
OPS Scheduling 
Data Compression 
History 

Sit Assessment 
COTip Dump 
Stabilization 
Position Comp 
Sub-Sys Service 

Downlink 

Guidance 

Sensing 

Pre-Launch Test 
Pre-Maneuver Test 
Syst. Monitor 
Syst, Troubleshbot 


MIMORY (l8-m Words) 
2100 
200 
200 
Uooo 
8oo 
1200 
4oo 
1000 
300 
100 
800 
l6oo 
i8oo 

800 

300 

800 

4ooo* 

600 

800 

1200 


MISSION Experiment 400 

PECULIAR Exp Control & Maintenance 2600 

Antenna Steering 

Exp Data 


700 

600 


TOTAL 

23300 


* Uses command handling .memory area 
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A detailed breakdown of the size esttmatee for the individual functions of 
Table 7-1 Is made in Section 7-^, with the elements tabulated by 
function rather than by libraiy status. 

The a? locations of memory for the functions are made on a 'bare-bones" basis; no 
allowance has been made for program growth or for defensive programming to allow 
for difficulties caused by bad inputs or incorrect data. Note that the 4000 
words for pre-launch checkout is e35>ected to occupy the command handling buffer 
area prior to launch, and will be overwritten by stored flight commands at launch 
time. 

7 . 4 SOFTWARE RTOETS 

The functions of the on-board software have been divided into six groups for 
estimating purposes: 

o Coo^ter Support Functions 
o System Suppoi*t Functions 
o Data Handling 
o Spacecraft Operations 
o Experiment Operations 
o System Test 

Each group Is described In the following text , and the characteristics of the 
group members are tabulated in Table 7-2. 
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pyUC-riON 18 -bit run time rep rate 

WORDS /TSEC /sec JOSEC/SEC 


COMPUTER SUPPORT FUNCTIONS 

5017 


SYSTEM SUPPORT FUNCTIONS 
CCMMAND HANDLING 

4000 

200 

60 

12000 

MODE CONTROL 

800 

200 

2 

400 

OPERATION SCHEDULING 

2200 

120 

10 

1200 


EXECUTIVE 

2100 

SELF-TEST 

200 

PROGRAM CHANGE 

200 
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TABLE 

■7-2 SOFTWARE 

MEMDRY BUDGETS 



FUNCTION 

WORDS 

RUN TIME 

1 

REP RATE JOSEC/SEC 

I 

DATA HANDLING 




r 

DATA COMPRESSION 

Uoo 

4 oo 

1 

4 oo 

HISTORY 

1000 

5000 

neg. 

— 

SITUATION ASSESSMENT 

300 

500 

.2 

100 

EXPERIMENT 

4,00 

6000 

.1 

600 

DOWNLINK 

800 

2000 

neg. 

— 

COMPUTER DUMP 

100 

? 0-200000 

neg. 

1 

j 

• i 

SPACECRAFT OPERATIONS 

, 




STABILI 2 ATION 

800 

2400 

10 

24000 i 

GUIDANCE 

300 

2400 

.1 

240 

POSITION COMPUTATION 

1600 

« 

20500 

.01 

205 
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TABLE 7-2 SOFTWARE ME^DRY BUDGETS 


FUNCTION 


WORDS 


RUN TIME REP RATE /JSEC/SEC i 


(SPACECRAFT OPERATIONS COPffilNUED) 


SENSING 

800 

6800 

1 

6800 j 

SUB-SYSTEM SERVICE 

1800 

9500 

.1 

950 i 

ANTENNA STEERING 

700 

1200 

.01 

Y 


EXPERIMENT OPERATIONS 
EXPERIMENT CONTROL 
EXPERIMEI^T MAINTENANCE 
EXPERIMENT DATA 


2600 

600 


2500 

1500 


2500 

150 
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TABLE 7 -2 SOFTWARE MFIMORY BUDGETS 


FUNCTION 

WORDS 

FUN TIME 

REP RATE 

;JBEC/SEC 

SYSTIM TEST 





PRE-LAUMCH 

(4000^^) 

KA 

NA 

KA 

HtE-MANEUVER 

600 

1400 

neg. 

— 

SYSM M3NITOR 

800 

620C 

.1 

620 

SYSTEM TROUBLESHOOT 

1200 

4100 

neg. 

— 

TOTALS 

23300 



55189 

*occv^les command handlixig area before launch 
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These ftmctione are those ^ich are required for the operation of the spacecroft 
ccBEjruter. The EXECUTIVE schedules the running of other functions and supplies 
support sutoroutines such as trigonometric functions for the use of other programs 
The memory requirement for the E>cecutive is talten as 10 percent of the memory 
required for the remainder of the software package^ a typical proportion for 
single processor real-time ccoiputers« The Executive running time will actually 
consume all idle time of the processor, but the 10 percent proportion is used 
to permit conparisons. The associated self -test and program change routines, 
though of negligible size, are necessary for ground monitoring and control 
of the computer. 


The tasks of C0M4A1TO imULXm, MODE COMTROL and OPERATION SCHEDULING are self- 
explanatory; the allocation for.Ccaanand Handling meuory is made equal to a full 
"page" of computer memory in order to accommodate tie maximum number of ground 
ccamaands without havlJig to change the page register. At three words per command, 
this permits storage of approximately 1300 commands. The command storage area will 
be unused before launch, permitting computer system test routines to occupy this 
area during prelaunch operations. 

Data Handling 

The -Data Handling functions monitor and classify spicecraft data for ground 
monitoring of spacecraft operations , The DATA COMPASSION routine provides a 
set of numbers to represent each stream of measuremsnt values: maximum, minimum. 
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mean and variance cooiputed with a "Fading Filter" routine whose filter constant 
is chosen for the particular data. The HISTORY buffer accumulates tlme^tagged 
event codes generated by other routines to present a cou^Jact but detailed record 
of operational events since the last downlinked data transmission. The SITUATION 
ASSESSMENT routine evaluates data and classifies the status of the spacecraft for 
use by the MODE CONTROL functlcn. EXPERIMENT is a routine allocated to examine 
spacecraft data for those engineering experiments which require only the space- 
craft sensors for a source. The DOWNLINK function formats data for telemetry 
output, and Initiates the clearlxig of the data con^ression end history files 
after each downlink transmission is conpleted. COMPUTER DUMP places selected 
portions of the cooputer memory on the downlink for ground examination. 

Spacecraft Operations 

The STABILIZATION routine provides the basic attitude control of the spacecraft 
using rate infoimation from the RGA (Rate Gyro Assembly) and stabilization gains 
selected by the Mode Control Function. The GUIDANCE routine combines the error 
terms generated by the sensing function, and, depending on Mode Control, Issues 
steering signals to the stabilization routine to permit precision control of 
spacecraft altitude* 

The SENSING routines manage and extract data from the various spacecraft sensors 
to provide spacecraft attitude measurements. The SUB- SYSTEM SERVICE routines 
provide monitoring and operation of thermal, solar array, power and other space- 
craft worker functions for specific hardware devices. The ANTENNA STEERING routine 
guidance cotamanda for the steerable antennas. 
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The EXPERIMENT CONTROL and EXPERIMENT MAINTENANCE routines prcrvide start up and run 
sequences for the experiinents and monitor the experiment diagnostic outputs, taking 
corrective steps lAere necessary. The EXPERIMENT DATA routine prcvides the same 
services for the experiment data transmission system. 


System Test 

The PRE-LAITOH TEST routines, loaded in the unprotected command buffer of the OBP, 
perform prelaunch readiness tests of all equipment ^^hich interfaces with the com- 
puter. Although the buffer area is limited to 4 k w^rds, a series of loads may 
be used to peimit as many tests as are found appropriate. The fact that a 
of external test equipoient is required makes launch operations less 
complex. After ccopletlon of the tests, the b-offer becomes available for normal 
cooDpand storage. The PRE-MANEUVER TEST verifies the proper status of all sub- 
systems prior to orbit manewers, permitting ground evaluation of the status 
through examinations of the reply to a single ocmmand. The SYSTEM ^K)NITOR provides 
continuous testing of spacecraft subsystems during otherwise idle time of the OBP. 
The sj^ems tested are those which may be evaliated without disturbing the current 
tasks of the spacecraft. The SYSTEM TROUBLESHOOT fmction provides further test 
of the more critical subsystems when troubles indicated either by the System 
Monitor or by grcund examination of returned dita. Each test is performed while 
a workaround routine takes over for the equipment being tested. In case of true 
failures, some of these workaroomds may be utilized for continued mission operations. 
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